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ABSTRACT
A new interpretation method that allows for the determination of the fluid 
type present in a formation of interest was developed. The new method is referred to 
as the “Three Neutron Porosity Log”. The method is based on an algorithm that 
determines three apparent neutron porosities. These porosities, derived from the raw 
counts of the dual-spaced neutron tool, have three different radii of investigation. All 
three neutron porosities, near, far, and ratio, when properly calibrated read the true 
porosity in water-bearing zones. In oil or gas-bearing zones, the mud filtrate 
invasion profile will cause the three apparent neutron porosities to be different. The 
resulting neutron porosity curves exhibit a pattern that allows for the identification 
of the fluid type. Pattern recognition is supplemented by cluster analysis of the same 
data.
The new method works in environments where current methods are not 
applicable. Such is the case of cased holes where the density tool cannot be run and 
therefore the neutron-density crossplot is not available.
The algorithm was validated with Monte Carlo simulations, and with 
field data. The method was tested using wireline and MWD data, and in open and 
cased holes.
The algorithm presented in this paper relies on a proper calibration of the 
individual detector readings to the compensated neutron porosity in water zones. In 
order for the calibration to be applicable, the water zones used in the calibration 
must display a wide range of porosity. If this condition does not exist, the order of 
magnitude of the calculated low porosities will be skewed to a lower limit. This
vii
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
limitation is clearly present in the last two field examples near the top of the sand 
sections.
The Monte Carlo simulations indicate the location of gas and oil clouds 
in the cluster analysis for open hole scenarios. An intuitive correction must be 
applied to the resulting points of a cased hole example.
viii




The purpose of this research is to derive a new interpretation method that 
would allow for the determination of the fluid type present in a formation of interest. 
The new method should work in environments where current methods are not 
applicable. Examples of such cases are cased holes where the density tool cannot be 
run and therefore the neutron-density crossplot is not available. We will achieve this 
objective by using the compensated dual-spaced neutron porosity plus two other logs 
derived from the far and near detector count rates of the same dual-spaced neutron 
porosity tool.
The dual-spaced neutron sonde is one of the most common tools used in 
open hole logging. It is also widely used in cased holes (Dupree, 1989), where other 
logging tools can not be run. The compensated neutron porosity is derived from the 
ratio of the readings of two individual detectors. The individual detector readings of 
the dual-spaced neutron tool are not independently used in formation evaluation. 
They are normally monitored only for quality control purposes. We will demonstrate 
that the patterns of the calibrated readings of these individual detectors, plus their 
ratio have numerous applications in formation evaluation. The new method is 
referred to as the ‘Three Neutron-Porosity Log”.
1.2 Displaceable Porosity
The flow of mud filtrate during drilling displaces native fluids into the 
formation. The resulting fluid distribution in the formation next to the borehole has a 
profound effect on logging tools (Phelps et al, 1984). Of particular interest is the 
effect that the invasion profile has on the response of the dual-spaced neutron 
porosity log.
1
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The mud-cake properties control the amount of filtrate that invades a 
permeable formation (Dewan, 1983). With a fixed volume of filtrate penetrating into 
the pore space of a sand, it follows that the formation's porosity will determine the 
depth of invasion (Bassiouni, 1994). This is true in water bearing formations. In 
hydrocarbon bearing zones, the displaceable porosity is instead the determining 
factor. Consider a water wet reservoir, drilled with water base mud. As seen in figure 
l . l ,  the pore space available for mud filtrate is reduced by the residual hydrocarbon.
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Figure 1.1. The residual hydrocarbon reduces the 
displaceable porosity o f the invaded zone.
The displaceable porosity, is usually as:
$ d  =  ~  Swirr ~  &her )  . . . 1.1
where <f> is the effective porosity,
Sy/frr is the irreducible water saturation, and
Shcr is the residual hydrocarbon saturation.
Since the mud filtrate and formation water are miscible, Eq. 1.1 becomes:
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<f>d=${l~Shcr) . ..1 .2
The extent of invasion of mud filtrate into a permeable formation is 
determined, other factors kept constant, by the residual hydrocarbon saturation 
present in the reservoir. Figure 1.2 shows the dependence of the diameter of 
invasion, d\, on the filtrate saturation, SXo- This curve is obtained assuming piston­
like displacement and using the following parameters: <f>: 30%; bed thickness: 1 foot; 
borehole size: 8 inches, and filtrate volume of 600 cm3.
0.3 0.41.1 0 .2  
Residual Hydrocarbon Saturation
0.5
Figure 1.2. The diameter of invasion dependency on the residual hydrocarbon 
saturation in the flushed zone.
We can observe that for low residual saturations the diameter of invasion
is very shallow. In contrast, a relatively large Shcr yields a much greater diameter of 
invasion.
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1.3 Invasion Profiles
Mud filtrate invasion creates distinctive zones around the borehole. Two 
profiles are normally used to define these zones. First, the step profile, in which the 
mud filtrate is assumed to displace the formation's original fluids in a piston-like 
fashion. As shown in figure 1.3a. This profile assumes the creation of two zones, the 




Diam eter o f  Invasion
V irgin Zone
Sw
D istance from Borehole
Figure 1.3. Invasion of the mud filtrate: a) step profile, b) 
transition profile________________________________________
Buckley-Leverett type of displacement is assumed. Three zones are created, the 
flushed zone, the transition zone, and the uninvaded zone (figure 1.3.b). The flushed 
and the transition zones are referred to as the invaded zone (Desbrandes, 1985).
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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1.4 Concept of the Three Neutron-Porosity Log
Due to the mud filtrate invasion, the hydrocarbon saturation is closer to 
residual near the borehole wall, and larger deeper into the formation. If we take three 
readings of a tool, that mainly responds to water, at different distances from the 
borehole wall, the readings will be influenced by the different water contents seen by 
the tool.
The three neutron porosities, derived from the raw count rates of the 
compensated neutron tool, i.e. the far detector and near detector count rates, and the 
ratio of both detector’s count rates, have different radii of investigation and will be 
influenced b y different volumes of filtrate. The patterns that the three curves 
exhibit will aid in determining the type of formation fluid.
The applications of the three-neutron porosity log do not assume a 
particular invasion profile. They are also independent of the wettability of the 
formation rock, since only the quantity of fluids, and not their distribution within the 
pore space determines the pattern of the three curves.
The method is not limited to hydrocarbon typing. It can also be used in 
thinly laminated reservoirs, where conventional deep resistivity tools fail to predict 
hydrocarbons. In these scenarios, as long as the width of the laminations is more 
than two feet, the method could actually be used to determine by-passed 
hydrocarbons.
The typing of heavy oils should prove very useful in the presence of tar 
mats. In these cases a high porosity, high resistivity formation can be identified to 
have non-movable oil. The high resistivity, high porosity would indicate that the 
fluid is not water, and the location of the points would therefore indicate heavy oil.
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CHAPTER2
PRINCIPLES OF MEASUREMENT: 
NEUTRON TOOL
When high-energy neutrons travel through a material, the neutrons 
interact with the individual nuclei which they find in their path. As these interactions 
take place, the neutrons lose velocity, and their direction of propagation is modified. 
The neutron’s energy is moderated by two diffusing phenomena: the inelastic and 
elastic scattering. Finally, when the energy of the neutron is sufficiently low, the 
neutron is captured by a nucleus of the surrounding material (Smith, 1986.) Neutrons 
with energy levels similar to the average kinetic energy of the nuclei in the medium 
surrounding them are called thermal neutrons. Neutrons that exhibit higher energy 
are termed epithermal neutrons.
The population density of the thermal neutron cloud at a certain distance 
from a given source of epithermal neutrons will depend on the diffusion and 
capturing processes that the neutrons are subjected. The energy of the neutron is a 
function of diffusion, whereas the population density is a function of capture.
2.1 Inelastic Scattering
When a neutron with high energy collides with a nucleus of a material, 
which cannot be dispersed freely because of its inter-atomic bonding forces, the 
nucleus does not acquire momentum, and its increase in energy is only internal. The 
collision is not a straightforward ballistic type of interaction. The neutron actually 
spends a short time, probably about 10'15 seconds, in the target nucleus (Booty, 
1972). The new compound becomes unstable and regains its stability by ejecting a 
neutron, any neutron, which now has an energy lower than what the original neutron 
had before the collision (Wylie, 1984). The excess internal energy of the nucleus 
brought about by the collision increases the energy level of the target. The excess
6
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energy is subsequently released in the form of gamma rays. The energy of these 
gamma rays, referred to as gamma ray of scattering, are characteristic of the atom 
that emits them.
The probability that a neutron will undergo inelastic scattering is referred 
to as the element’s scattering cross section Zs. Although the units of scattering cross
sections are L'2, the cross sections does not represent a geometric area, but rather a 
measure of probability. A nucleus may have a very large I s at a given energy, and a
much smaller one at a different energy.
2.2 Elastic Scattering
Initially the energy of the neutrons is said to be epithermal, because its 
velocity is above the thermal vibration energy level of structural atoms. As the 
neutron collides inelastically with nuclei it loses kinetic energy until it reaches the 
level of energy of the thermal vibration of the nucleus. Neutrons that have reached 
this energy level are said to be in thermal equilibrium with the matter, and hence 
called thermal neutrons.
As a neutron is thermalized it collides with surrounding nuclei losing or 
absorbing energy. In this stage the neutron bounces back from the target nucleus 
losing energy (potential scattering); or it penetrates the nucleus and, as in the 
inelastic scattering phenomenon, forms an unstable compound with the nucleus 
(resonance scattering). In the latter case the neutron is ejected with the same energy 
as it had before. The predominant elastic scattering phenomenon for low atomic 
number elements is the potential scattering, resulting in neutrons being slowed down 
and their direction of motion being changed.
When the neutron is scattered in a forward direction, the neutron is said 
to be transported. The likelihood of such an occurrence is defined as the transport 
cross section, Itr.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
8
2.3 Neutron Absorption
After the neutron has reached its thermal stage it will wander until it has 
a collision with an atom whose attractive force cannot be offset by the neutron’s 
energy, and the atom absorbs the neutron. The incoming energy of the neutron is 
transferred to the nucleus of the atom, which in turn becomes excited. The new 
nucleus releases the excess energy in the form of a gamma ray. This "capture gamma 
ray" has an energy characteristic of the absorbing atom.
The probability that a certain element will absorb a thermal neutron 
depends on the nucleus of the colliding atom itself. This probability is expressed as 
the absorption cross section of the element, Za.
Figure 2.1 illustrates the life of a fast neutron. In the early stage its 
traveled path is long and forward. After some collisions, it begins to be scattered at 
higher and higher angles until the scattering angle is completely random. The 
neutron is ultimately absorbed.
2.4 Maximum Energy Loss
Consider a fast traveling neutron with velocity vn , and one atom at rest, 
with mass m^, in an otherwise empty space (figure 2.2). Neglecting the vibration of 
the nucleus of the atom, the total momentum of this initial state of the pair neutron- 
nucleus, P j, is therefore due only to the neutron:
P i = m n v n  (2.1)
where mn is the neutron mass.
Similarly, the total initial kinetic energy, is given by:
m n l ? n [  . . . 2.2
E ld   --------
Immediately after a collision between the two particles, the nucleus acquires some 
velocity ( v N ’) and is projected at an angle d> from the traveling direction, thus




O Neutron collides with an atom 
•  Neutron is captured by an atom
Neutron Absorption




Angle of scattered 
neutron
Angle of recoiled 
nucleus
Figure 2.2. Neutron path before and after colliding with a nucleus
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subtracting some momentum and energy from the neutron. Simultaneously, the 
neutron is scattered at an angle 0 ,  and has a new and smaller momentum and 
kinetic energy. The total momentum and kinetic energy after the collision are given 
by:
Pf =  m n vn ’+m Nv N’ . . .2.3
m n | v n ’| m N| v N ’| 2.4
hisr  ----------------1----------------
2 2
Assuming elastic collision, i.e. no change in the internal energy of the 
nucleus, the new momentum and energy of the nucleus and the neutron equal the 
initial momentum and energy of the neutron alone. Also, assuming a head on 
collision, i.e. the scattered angle, 0 ,  is 180°, the maximum energy is transferred 
from the neutron to the nucleus. Combining equations 2.1 through to 2.4 the
following expression is obtained:
r \
2 v n = 1 + rN ' - 2 . 5
If we define the maximum energy loss of a neutron, Eioss. as the fraction 
of initial energy of the neutron which is transferred to the nucleus upon collision 
(Welex, 1981),
Substituting 2.5 in 2.6 we obtain:
a f m N/
loss — .
1 + m N
From equation 2.7 we see that the maximum fractional energy which the neutron can 
lose in a head on collision is when the nucleus is hydrogen, i.e., it’s mass is equal to
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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the mass of the neutron. Figure 2.3 is a graph of maximum energy loss by a neutron 
for some of the most common elements found on earth. This figure illustrates clearly 
the importance of hydrogen in the slowing down process of fast neutrons.
Figure 2.3. Hydrogen is the most efficient slowing down element for fast 
neutrons.
Since not all collisions of the neutron and nuclei will be head-on, we 
must average the incidence angle of collision, to actually determine the thermalizing 
properties of the different atoms that surround the neutron. This averaging takes into 
account the size of the interacting nucleus.
2.5 Neutron Flux
The flux of thermal neutrons, ^ ( r ) ,  through a unit area (in neutrons per 
second) at a distance r from a source Q0, is (Welex, 1981):
' P t t r J r - ^ - x e ' ^  . . .2.8
4 7tr
where Zt is the total macroscopic cross section of the substance, expressed by:.
X, = g s N ftP . . 2.9
Mw
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where cts is the nucleus cross section, p is the density of the material, Mw is the 
molecular weight, and NA is Avogadro’s number.
The macroscopic cross section can be subdivided into three major 
components as:
= + + ^tr •• • 2.10
where the subscripts a, s, and t r  represent absorption, scattering and transport, 
respectively.
2.6 Two Group Neutron Diffusion Theory
A common way to study the neutron transport phenomenon is the two- 
group diffusion theory. This theory consists of representing the early high-energy 
stages of a group of neurons as one average “epithermal” neutron. After a certain 
number of collisions with surrounding nuclei, this neutron loses enough energy to 
become “thermal”. The transition between epithermal and thermal neutrons is 
considered to be instantaneous with the last thermalizing collision, so that no 
decrease in energy is considered while the neutron is epithermal. In an analogous 
manner, the thermal neutron collides with nuclei until it is captured. The capturing 
process is instantaneous, and the thermal energy is considered constant while in that 
stage.
Let’s consider a neutron source in a homogeneous, isotropic medium as 
shown in figure 2.4. Using two-group neutron diffusion theory, we may describe the 
flux of epithermal neutrons, ^ ( r )  and thermal neutrons, 'Pt(r), by the following 
expressions (Allen et al, 1967):




e -r /l*  - e ^ / L t
r . . .  2.12
where r represents the distance between the source and the detector, as seen in figure 
2.5. De and Dt represent the epithermal and thermal diffusion coefficients,
respectively. Le is the slowing down length (Clavier et al, 1971), and L, is the 
diffusion length. The distance Le, represents the crow flight distance that the average
neutron would travel, colliding with nuclei of the formation and slowing down, until 
it reaches its thermal energy level. In an analogous way, Lt represents the crow flight
distance that the thermal neutron travels until it is captured by nuclei of the 
formation (Tittman, 1986; Wylie and Patchet, 1989).
With a proper choice of source-to-detector spacing such as Lt »  r,
equation 2.12 becomes:
Source
Figure 2.4. Schematic of a neutron burst, and its interaction 
within a homogeneous, isotropic medium.__________________
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O e - r ^  o 11*Ft ( r ) =  — Q- x -p --1------: x ---------  . . .2.13
4 * ° t  ( i ? - ^ )  r
If we incorporate a second detector (r2 < n ) ,  and take the ratio of thermal fluxes at 
both detectors, we obtain:
R = i i £ l i . £ l e - ( n - ' J y u
'I', ( r 2 ) t i  - 2-14
Equation 2.14 states that, for this given geometry: "the ratio of thermal neutron flux
is mainly dependent only on source to detector spacings and the epithermal slowing
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Figure 2.5. Schematic of a neutron logging tool, and 
neutron interaction within the formation.
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Table 2.1 shows the epithermal slowing down lengths of sandstone and 
limestone at 1%, 10% and 100% water saturation, irradiated with a Ra-Be neutron
source (Wylie, 1984).
Table 2.1
Epithermal Slowing Down Lengths for Common Matrices
Material Ls@ Sw=l% Ls@Sw=lO% Ls@Sw=100%
[cm] [cm] [cm]
Sandstone 25.0 15.5 7.1
Limestone 22.5 15.1 7.1




There are two fundamental concepts in porosity determination from 
thermal neutron count rate: a) the slowing down effect of a porous media is 
proportional to the relative volumes of the matrix and the fluid in the pores and. b) 
hydrogen is present in all the possible fluids. The moderating properties of the 
formation are given by the diffusion coefficient D (De, Dt) and the slowing down 
and diffusion lengths Ls (Le, Lt). We can express a relationship between the count 
rate o f a thermal detector, at a fixed distance from a source, and the porosity, ^  of 
the formation:
count rate =f[D(0), Ls(0)] = f(0)
Intuitively we suspect that if the thermal neutron flux (and therefore the 
count rate) at the detector is high, the neutron's path was not filled with hydrogen 
and therefore the porosity must be low. Qualitative experimental measurements of 
equation 3.1 are illustrated in figure 3.1, for three different lithologies. with fresh 
water as the saturating fluid, in an 8-inch borehole (Edmundson and Raymer, 1979).
3.2 Epithermal Detectors
The previous analysis holds true for detectors of epithermal neutrons with 
two special conditions: a) the parameters defining the epithermal neutron flux at a 
distance r, are only those of the epithermal stage. This feature allows epithermal 
neutron logging tools to give an indication of porosity independent o f rock matrix 
(Owen and Cook, 1963; Lebreton et al, 1963), and b) the magnitude of the 
epithermal count rate is substantially lower than that of the thermal count rate. This
16
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Neutron Porosity ( %)
Figure 3.1. Porosity determination from a single thermal detector.
3.3 Gamma Ray Detectors
It follows from the thermal detector analysis, that a high population of 
hydrogen (i.e. high porosity), will diminish the neutron’s energy enough so that more 
neutrons are captured. The capturing atoms will then emit the corresponding gamma 
ray. A detector counting capture gamma rays will therefore yield an indication of 
porosity.
Neutron tools are based on each of the aforementioned detectors or in 
combinations of them. The best porosity estimate is that given by epithermal
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detectors (Tittman et al, 1966). However due to the statistical nature of the 
phenomena, and since the epithermal count rate is much smaller than the thermal 
count rate, the majority of commercial sondes are designed to detect the thermal 
flux.
3.4 Dual Detectors
The relationship described in equation 3.1 is also valid for a system with 
two detectors, but L and D, as seen in equation 2.14, are only those related to 
epithermal neutrons. Numerous authors have reported experimental relationships of 
the neutron count rate ratio with porosity (Wilson and Winchman, 1974; Truman et 
al, 1972) Figure 3.2 illustrates the ratio of count rates as a function of porosity for a 
typical thermal sonde.
3.5 Tool Calibration
Porosity readings from neutron sondes are susceptible to several factors. 
Among them water salinity, i.e. NaCl content, is of particular interest. Chlorine has a 
high capture cross-section and easily absorbs thermal neutrons. In a formation with 
high water salinity a thermal detector will read low and hence yields an erroneous 
high porosity reading. Since the type of fluid, the lithology, and the diameter of the 
borehole affect the count rate of the neutron sonde, shop calibrations are necessary. 
This calibration is done in a known lithology, generally limestone, at known 
porosities (40%, 26%, 18%, 12%, 2%), and with known saturating fluids (fresh 
water and 145,000 ppm salt water). Temperature corrections are also necessary, 
but temperature variations play a less significant role.
The calibration yields a correlation of count rate vs. porosity for the 
specific sonde, in a specific environment. Further experimental correlations are then 
needed for lithologies different than the calibrated one. Figure 3.3 illustrates the





N eu tron  P orosity  (% )
Figure 3.2. Porosity determination from dual thermal detectors ratio.
equivalent porosity readings in sandstone and dolomite, for a limestone calibrated
sonde.
When a matrix is composed of more than one lithology, a volumetric 
linear average is performed, to determine the overall porosity. In turn, this feature is 
incorporated in the analysis of formation lithology.
3.6 Depth of Investigation
The depth of investigation of a neutron tool is controlled by three factors: 
the source-to-detector spacing, the porosity o f the formation, and the type o f fluid 
present in the pore space.
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Figure 3.3. Equivalent porosity readings for a limestone calibrated tool 
(from Schlumberger, 1979).________________________________________
3.6.1 Source to Detector Spacing. The high-energy neutrons must travel a certain
distance from the source into the formation before reaching the thermal energy level.
If the thermalization of the neutron occurs far away form the detector, the neutron
will have to be transported in a thermal stage a considerable distance. Therefore, the
likelihood of the neutron being absorbed increases with distance and the thermal
count rate will decrease. On the other hand, a detector too close from a source will
also yield low count rates, since the high-energy neutrons would not have had
enough collisions to be thermalized. Neutron source-to-detector spacings are
designed to match the highest count rate for the most common porosity, lithology,
and fluid. In general, and for most conditions, it can be said that the radius of
investigation increases with increasing spacing.
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To actually determine the depth of investigation of a neutron tool, the 
following experiment was performed (Sherman and Locke, 1975). Concentric metal 
cylinders of negligible thickness were filled with dry 35% porosity quartz sand pack, 
and water was added to saturate each shell when needed (figure 3.4). The depth of 
investigation, Rin, of the tool was arbitrarily defined as the radius at which the 
change in response of the formation was 90% of that at infinite invasion.
35% Dry Silica Neutron Tool 35%  W et Silica
M etal Cylinders
Figure 3.4. Experimental setup to measure the depth of 
investigation of the neutron tool.____________________________
If Uo is the neutron apparent porosity reading of the initially dry system,
Uoo is the neutron apparent porosity reading when the system is completely saturated
with water, and Ux is the reading when a radius x is saturated, then an integrated
pseudo geometric factor J is defined as:
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J (x )  = ... 3.2
By definition:
Rin = x @ J (x )  = 0 .9 ... 3.3
Figure 4.5 is a graphical presentation of Eq. 3.2. for 1) the near detector derived 
porosity, 2) the far detector derived porosity and 3) the ratio derived porosity.
investigation of the thermal neutron tool to be 7 inches, when only the near detector 
is used; 8.5 inches when only the far detector is used; and 10.3 inches when the ratio 
of both detectors is used. However, these radii of investigation are only valid for the 
conditions set forth in the experiment, i.e. a 35% porosity sand saturated with fresh 
water. They are, nevertheless, a good indication of the order of magnitude of Rin.
3.6.2 Porosity. As we have mentioned previously a high-energy neutron will 
undergo a certain number of collisions before reaching its thermal stage. We have 
also stated that hydrogen is the most efficient element to thermalize neutrons. It 
follows from these considerations, that the larger the space available for hydrogen 
within the matrix, i.e. porosity, the more hydrogen atoms will be close to the neutron 
sonde. In this case, the probability that a neutron will be thermalized close to the 
borehole augments with an increase in porosity. Hence the distance that the neutron 
must travel before being detected, i.e. the depth of investigation, decreases.
3.6.3 Type of Fluid. The concentration of hydrogen atoms will determine how far 
the high-energy neutrons must travel before enough collisions thermalize it. This 
hydrogen concentration can be related to hydrocarbon density, in the case of gas and
From the information depicted in figure 3.5, we establish the radius of
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oil, and to salinity in the case of water. In gas, the concentration o f hydrogen is so 
low that the neutron must travel a considerable distance and as a consequence the 
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Figure 3.5. Pseudo geometric factor for the thermal neutron sonde (after 
Sherman and Locke, 1975)_____________________________________________
3.7 Hydrogen Index
As seen in chapter two, a fast neutron will leave its epithermal stage and 
reach the thermal level after a number of collisions with nuclei. We have also 
shown that the concentration, or spatial density, of the nuclei affects the slowing
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down process as well. The total cross section of an element, Et, was defined as the 
sum of the absorption, Ea, scattering, Es, and transport cross sections, Etr,
^ t  = ^ a  + £ s + ^ tr  ...3 .4
Since hydrogen is the main perturbing element in the neutron’s life, a 
measurement of energy degraded neutrons at a given distance from the source will 
indicate the hydrogen content of the neutron's path. This hydrogen content is 
referred to as the "hydrogen index", HI. Hydrogen index is normalized to the 
slowing down efficiency of fresh water.
Figure 3.6 shows the hydrogen index of hydrocarbons, as a function of 
their density. While the HI of natural gas is very close to zero, crude oils with in situ 
densities above 0.7 g/cc have a theoretical index greater than one. Hydrocarbon 
densities depend on the type of hydrocarbon, and are not continuous. Gas densities 
vary from zero for very low porosity formations, to 0.25 g/cc for high-pressure 
conditions. Oil densities vary between 0.5 g/cc for oils with high gas in solution 
(rich oil), to 0.8 for very heavy hydrocarbons. This leaves a gap of densities between 
0.25 g/cc and 0.5 g/cc.
3.8 Hydrocarbon Effect
Throughout this analysis of porosity determination using the neutron tool, 
water was assumed to be the only saturating fluid. However, if hydrocarbon is 
partially saturating the media then the porosity read by the detector must be 
corrected to obtain a better estimate of the formation’s true porosity. Equation 3.5 
shows a linear relationship for the neutron's porosity reading where Hhc and Hmf
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represent the hydrogen index of the hydrocarbon and mud filtrate, respectively, and 
Srh is the residual hydrocarbon saturation of the formation.
<&n = ® [H h c S rh +H mf ( I - S *  ) ]  ...3 .5
As figure 3.6 shows, the HI of some oils is close to one. Therefore, the 
neutron porosity derived using the HI of water (where the tool is normally 
calibrated) is very close to the true porosity in oil-bearing zones. When gas is the 
residual hydrocarbon however, the porosity read by the neutron tool is not the true 
porosity.
Table 3.1 shows the hydrogen concentration (spatial density) and 
hydrogen index of various elements at different temperatures and pressures. As this 
table shows the hydrogen index of a typical natural gas (C i . i H4.2) at 7,000 psi and
200°F is 0.54. For illustration purposes, lets use this value in equation 3.5 for a gas 
bearing formation with 30% porosity and 75% water saturation. We then obtain:
0 n = 0 .3[0 .54x0.25+l(  1 -0 .2 5 ) ]
and
0 n = 26.5%
which represents a 12% deviation from the true porosity.
If we repeat this calculation with 50% water saturation we obtain 
0 n =23.1%
This example shows that a decrease in water saturation of 25% generates 
a response large enough to be detected by a neutron porosity tool. These calculations 
are probably in a worst case scenario, since the pressure is relatively high. For lower 
pressures and/or higher temperatures the hydrogen index of the gas is much smaller, 
and the difference increases.
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Figure 3.6. Hydrogen Index of hydrocarbons as a function of their 
density (after Gaymard and Poupon, 1968)._______________________
3.9 The Excavation Effect
The assumption that only the hydrogen content of a material is 
responsible for the moderation of fast neutrons is nearly true for most logging 
applications. As mentioned in section 3.6.2, in gas bearing formations the slowing 
down properties of the elements of the matrix are somewhat significant. Figure 3.7 
shows the average number of collisions required to thermalize a 4 Mev neutron and 
figure 2.3 (Section 2.1) shows the maximum energy loss per collision for some 
elements.
Lets consider a porous rock with high gas saturation in a low-pressure 
environment. Since the hydrogen atoms in the gas are far apart, a significant portion
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of the neutrons will not be thermalized by hydrogen but by the other elements in its
path.
TABLE 3.1
Hydrogen Content of Various Substances
(from Atlas Wireline Services, 1992)




60°F, 14.7 psi 0.669 1.0000
200°F, 7,000 psi 0.667 0.9970
Salt Water (200Kppm) 
60°F, 14.7 psi 0.614 0.9177
200°F, 7,000 psi 0.602 0.8998
Methane
60°F, 14.7 psi 0.0010 0.0015
200°F, 7,000 psi 0.329 0.4917
Ethane
60°F, 14.7 psi 0.0015 0.0023
200°F, 7,000 psi 0.493 0.74
Average Natural Gas 
60°F, 14.7 psi 0.0011 0.0017
200°F, 7,000 psi 0.363 0.54
From the previous explanation, it is evident that the matrix will also
influence the neutron’s reading (Poupon et al, 1970). Ignoring this phenomenon 
would be the same as excavating the matrix, and pretending that only the fluids 
would alter the neutron's life. This would in turn yield values of water saturation that 
are too high and values of porosity that are too low (Segesman and Liu, 1971).
To account for this effect, the porosity read by the neutron tool, $ n,
should be compensated. The corrected neutron porosity, <P nc,'s therefore:
^nc  =<&n+ A<$nex ... 3.6
where A<f> nex is the excavation effect. Figure 3.8 shows, the magnitude of the
excavation effect,A <f> nex, as a function of the equivalent water saturation, Swfh for a
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30% sandstone. The equivalent water saturation is the weighted saturation of the 
fluids in the pore space, given by:
Swh = SxoHw + (I -Sxo)Hhc ••• 3.7
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Figure 3.7. Average number of collisions required to thermalize a 
4 Mev neutron (After Bassiouni, 1994).______________________
As Figure 3.8 indicates, the excavation effect is maximum at 50% 
equivalent water saturation. At this Swh, the porosity read by the neutron sonde 
would be 25%, instead of 30%. This represents a significant difference, which must 
be dealt with when analyzing gas formations specially when using the neutron tool 
as the only porosity indicator.
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3.10 Neutron Transport Representation
The neutron transport phenomenon that is the basis of neutron porosity 
determination is of statistical nature. The path of a group of neutrons that interact 
with different elements of a medium (figure 3.9a) can be modeled as fractions of 
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Figure 3.8. Average excavation effect for 30%, 20%, and 10% porosity 
sandstone, as a function of the equivalent water saturation (after 
Segesman and Liu, 1971).________________________________________
(figure 3.9b). Since hydrogen content is the basis of neutron porosity determination,
the apparent neutron porosity, „, is defined as (Schlumberger, 1987: Atlas
Wireline, 1992):
<*>« =<M \SxoHm f)+Q-Sx,)HHc l+(l-<P,)Hma ...3.8
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where <P , is the true formation porosity,
Hmf  is the hydrogen index of the mud filtrate,
Sxo is the mud filtrate saturation of the flushed zone,
Hhc is the hydrogen index of the residual hydrocarbon, and
Hma is the hydrogen index of the matrix.
Form ation (m atrix, mud filtrate, residual oil) Form ation (m atrix, mud filtrate, residual oil)
Neutrons N eutrons
Figure 3.9. a) Equivalent thermal neutron flux through a heterogeneous medium, b) 
The flux of neutrons is weighed volumetrically across 3 pure elements.___________
The two-group neutron diffusion theory is adequate for simple invasion 
scenarios of piston-like displacement processes, and flushed zone measurements. 
More detailed representations of the phenomena are needed when the invasion 
profile is more complex, or when more accurate results are needed. This has led to 
the discretization of the energy of the neutron into more than two levels. Recent 
logging tools have used five-group diffusion theory (Smith, 1986).
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The ultimate representation of the neutron thermalization phenomena is 
with an infinite number of energy levels, so that the behavior of the neutron is 
accurately predicted. This treatment is needed because the diffusion and slowing 
down properties of the interacting elements are energy-dependent. This 
representation can be achieved using Monte Carlo simulations.
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CHAPTER 4 
THREE NEUTRON POROSITY LOG
4.1 Concept
The neutron porosity tool responds to the lithology and the fluids present 
in the pores. The reading of the tool represents the average environment up to a 
given radius, r. If  the lithology is constant, then the neutron log is an indication of 
the quantity and type of fluids present. A first neutron porosity, is expressed 
mathematically by:
*  ( f e e  , « m f * ( ‘ S xol )H hc \  " '  4 ' 1
Where sxol represents the average filtrate saturation up to the distance rr 
Neglecting the contribution of the matrix,
IH n,f + 0  ~ S xo, )H hc ] •' • 4 2
If a second neutron porosity is taken at a distance r , > r /, where Sxoi< Sxor  ^
< Hm f.
*2 = H «f + ( ' "  S „ 2 )Hte ] • -  43
and
(f>2 ^ 4- 4
If then
f r i t , '  •••4 '5
Similarly if  a third porosity is measured at radius r3>r2» with sx03< Sxô  
“ d if / f a t t e n
32
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( I jS f c  - 4-6
If > ffm /. then
...4 .7
In section 2.8 we showed that the near detector, the far detector, and the 
near/far ratio have increasing depths o f investigation. In section 1.3 we illustrated 
how the filtrate saturation decreases with increasing radius. These two conditions 
and the previous analysis lead us conclude that the response pattern o f a three- 
neutron porosity log derived from the dual-spaced neutron tool will indicate the type 
of hydrocarbon present in an invaded formation.
4.2 Calibration
The count rate o f the individual detectors of the dual-spaced neutron is 
calibrated in terms of the compensated, i.e. environmentally corrected, dual-spaced 
neutron porosity, fa  The preferred calibration is done downhole in a water-bearing 
formation. This calibration takes into account the in-situ environment: lithology, 
temperature, salinity, borehole size, etc., Two new porosity curves are then 
generated, which we will name near-neutron porosity, fa  and far-neutron porosity, 
fa  The three apparent neutron porosities, fa  fa  and f a  have three different radii of 
investigation. They will have the same value only in water zones. The presence of 
hydrocarbons, especially gas, will result in different apparent porosity values.
4.3 Theoretical Response in Gas-Bearing Formations
Assuming for simplicity the same hydrogen index for the mud filtrate, 
Hmj, and for the connate water, / / u,; and that the neutron response in gas formations
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can be represented solely in terms of hydrogen index, then the three porosities can 
be expressed as:
= (1 -  N Hmf + (I -  SxoN )Hhc ] - 4 . 8
= ( l - t ) H n , a  + t \ s s<>FH mf + ( ‘ - S So f ) H h c \  -  4 9
and
t c  + A SxocHmf + i1"■S.oC )Hhc ] -  41 0
where
$xoiW is the average water saturation corresponding to ^
SxoF is the average water saturation corresponding to ^
S xoC is the average water saturation corresponding to f a  and 
^  is the true porosity of the formation.
The hydrogen index of gas is obtained from figure 3.6. Since > / /  and s xoN < 
SX0F<Sxor  tben
fa  < fa  < tfa — 4.11
in gas-bearing formations.
The contribution of the matrix atoms to the thermalization of high-energy 
neutrons in gas-filled porosity, also known as excavation effect, was explained in 
detail in section 2.12. This effect, though present, is not enough to obliterate the 
pattern shown by equation 4.11. To the contrary, the excavation effect would only
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accentuate the difference between the three neutron derived porosities. Nevertheless, 
since the dual-spaced neutron tool is calibrated for a certain lithology, the hydrogen 
index of the matrix is retained to account for the possible difference between the in- 
situ lithology and the lithology assumed in the tool calibration.
The presence o f gas in the pore space has also the effect o f increasing the 
depth of investigation of the neutron tool. In this scenario the high-energy neutron 
must travel further into the formation before being thermalized. This effect is small 
on the near detector, and larger for the far and ratio readings. On the other hand, 
since displaceable porosity controls the depth of invasion (section 1.2), the depth of 
invasion in zones with low residual gas is also small.
4.4 Theoretical Response in Oil-Bearing Formations
The presence o f oil in the pore space has also an effect on the neutron 
tool as it creates a higher hydrogen index close to the borehole as compared to the 
gas case. If the oil is light the effect on the three neutron porosities is to dissipate the 
volume investigated by the far porosity. In essence only two curves are present in the 
pattern, ^ a n d  fa.
If the oil has relatively low content of gas in solution, then its density is 
above 0.65 g/cc and its hydrogen index is greater than one. In this case the three 
neutron derived porosities should separate in the opposite direction as compared to 
the pattern exhibited for gas,
0N> <f>F> <t>c ... 4.12
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4.5 Theoretical Salinity Effects.
Salinity decreases the hydrogen index of water since the sodium and 
chlorine atoms displace water (Scott et al, 1982). The hydrogen index of water is a 
function of salinity, and can be approximated by (Bassiouni, 1994):
Hw = ( I - n ) p w - 4 -1 3
where
n is the salinity in fraction, and 
pw is the water density, in g/cc.
Similarly, the hydrogen index of the mud filtrate, / /m̂  is:
Hmf = ( l - n ) p mf ■•••4.14
If there is a significant salinity difference between the filtrate and water, the 
equivalent hydrogen index of the fluid mixture, at the depth investigation of ^  
becomes:
»m*C = l l  + ( l - S TO( r ) ) f f „ >  -  4.15
Similarly, for we obtain:
ffmicF = rM 'V V  + (l~Sxo(r))H„V -  416*0
whre rc and rF represent the radius of investigation of the near and far detector 
respectively, and Ko is the borehole wall. The equivalent hydrogen index of the 
formation seen by the ratio-derived porosity is not as straightforward as for the
previous cases. In ^  the near-borehole effects are substantially reduced, so that the
lower limit of integration is not the radius of the borehole. For simplicity purposes,
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lets establish an arbitrary radius r/, where the near and far readings cease to cancel 
each other. The equivalent hydrogen index for ^  then becomes:
= f ;  [Sxo(r)Hmf -  4.17
Again, neglecting the contribution of the matrix and assuming a negligible 
difference in densities the salinity profile created while drilling with fresh mud 
results in:
<f>N < <f>F < <pc ... 4.18
The salinity effect would accentuate the differences between the three porosities in 
gas and Iight-oil bearing formations. In zones with heavy oil, or in shaiy sands, 
salinity would tend to decrease the separation o f  the curves.
4.6 Theoretical Shale Effects
Since shale has a non-negligible hydrogen index, f j sh > q ,  the 
equation for the neutron porosity in water zones becomes:
* K  = 0 m tdl + * '» * « ,*  -  4 1 9
The extra term VsflHsh increases the reading of each of the neutron-
derived porosities. Since the three neutron readings are calibrated in water, then the
effect that shale has in the pattern is to reverse the order exhibited for gas, much like
heavy oil does.
4.7 Theoretical Three Neutron Porosity Responses
Figures 4.1 to 4.3 show the theoretical patterns expected for gas, light oil 
and heavy oil in clean lithology. Figure 4.4 shows the pattern expected for shale. 
Although the scope of this research does not include shaly sands interpretation,
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Three-Neutron Porosity Log 
Gas Identification
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Figure 4 .1. Three-Neutron Porosity Log showing the 
pattern expected for clean gas-bearing sand.
Three-Neutron Porosity Log 
Light Oil Identification
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Figure 4.2. Three-Neutron Porosity Log showing the 
pattern expected for clean light oil-bearing sand.
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Three-Neutron Porosity Log 
Heavy Oil Identification
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 F a r  N eu tro n  P o rositv  (% )__
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Figure 4.3- Three-Neutron Porosity Log showing the 
pattern expected for clean heavy oil-bearing sand.
Three-Neutron Porosity Log 
Shale Pattern
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Figure 4.4- Three-Neutron Porosity Log showing the 
pattern expected for sand and shale._______________
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the author believes that sands with high shale content could be analyzed with the aid 
of the gamma ray tool, especially gas-bearing sands. Such a pattern is shown in 
figure 4.5.
Three-Neutron Porosity Log 
Shaly Sand: Gas Pattern
G am m a R ay 
( A P I )
D ep th
(ft)
N e a r  N eu tro n  P o ro sitv  (%)
_____ F a r  N eu tro n  P o ro s itv  (% )
R a tio  N eu tro n  P o ro sitv  (%)
----------- ►
0  1 > r  4 5
Y
Shale i  ~'i j 
Gas/Shale\
|Water Sand
F ig u re  4 .5 -  T h r e e - N e u t r o n  P o r o s i ty  L o g  s h o w in g  th e  
p a t te rn  e x p e c t e d  f o r  a  s h a ly  g a s  s a n d .
The shaly sand analysis consists of subtracting the shale contribution to 
each of the three neutron porosities, with the appropriate weight as determined by
the volume of shale, V^. The volume of shale is obtained from the gamma ray log,
as:
G r—Grci
Vsh = ----------- —  ...4.20
Grsh -G rcl
where Gr is gamma ray level displayed in the shaly zone,
Grci is the gamma ray level of the water zone,
GrSh is the gamma ray level of a 100% shale.
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This correction would yield three equivalent neutron porosities, (f> c?
(j) ftj, and0 Afc/- The equivalent porosities are given by:
Qceq =  0 C  - Vsh$Csh -  4 ’21
$Feq =<t>F ~ Vsh^Fsh -  4’22
^N eq  =(t>N - V s h ^ N s h  -  4 '23
where 0 qa ,<t> f a  and0 m  are the near, far and ratio porosities of the 100% shale.




Let’s assume that the invasion of filtrate in a hydrocarbon zone will 
displace gas in a piston-type fashion. Let’s also assume that the equivalent hydrogen 
index of the fluid mixture seen by the individual detectors can be represented by the 






Figure 5.1 Schematic of the simplified area of 
investigation of a neutron source detector pair.______
The integral is constructed using a discrete approximation. The individual 
cells of a 20 x 20 matrix are filled with equivalent hydrogen indexes. The radius of 
invasion, residual hydrocarbon saturation, and irreducible water saturation are given
42
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to determine the proportions of different fluids for each cell. The hydrocarbon 
density is variable and transformed into hydrogen index. An equivalent hydrogen 
index is obtained for the flushed zone (Hi), and the uninvaded zone (H2). The 
hydrogen index for each area of investigation (i.e. near, far, ratio) is the aerial 
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Figure 5.2 Discrete analytical model representing the 
equivalent areas of investigation for the near, far and 
ratio porosities of the compensated neutron tool. The 
shaded area indicates filtrate invasion.
Several scenarios have been modeled. The excavation effect has been 
purposely neglected in all gas cases to illustrate the relative insensitivity of the 
pattern response of the three-neutron porosity log to this effect.
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5.2 Low Residual Gas Saturation
To illustrate the case of a formation characterized by a small residual gas 
saturation, we have modeled a gas-bearing sandstone, of 20% porosity, and a 
residual gas saturation of 10%.
The invasion profile considered for this gas zone was a step function, 
with the invasion front being variable. Two gas densities were assumed: zero and 0.1 
g/cc, with corresponding hydrogen indexes of zero and 0.25, respectively. Water and
filtrate hydrogen indexes were considered the same and equal to one.
G as Density =  0  g/cc 
Sxo =  0.9  &  Sw =  0.3
D istance from the Walt (inches)
Figure 5.3 Analytical model of a low-pressure gas formation, with 
high residual gas and irreducible water saturation._________________
Figures 5.3 and 5.4 show the resulting three neutron porosity readings for this sand. 
We can observe for both scenarios that as the depth of invasion increases the 
difference in porosity decreases.
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G as D ensity =  0.1 g/cc 






0 3 6 12 159 18
D istance from  the Wall (inches)
Figure 5.4 Analytical model of a high-pressure gas formation, with 
high residual gas and irreducible water saturation.__________________
5.3 High Residual Gas Saturation
In this second case we modeled the same 20% sandstone but a residual 
gas saturation of 30%. Figures 5.5 and 5.6 show the response of the neutron 
porosities to this scenario, with varying invasion depth.
We can observe that in the most unfavorable conditions modeled, and 
without including the excavation effect, the separation of the neutron porosities is 
still noticeable.
5.4 High Residual Oil Saturation
The scenario modeled is for a light oil. The density of the oil is 0.5 g/cc and the 
corresponding hydrogen index is 0.8. The porosity is 20% and the residual saturation 
has been set to 30% of the pore space. Figure 5.7 shows the three neutron porosities 
as predicted with this simplified theory.
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G as Density =  0  g/cc 
Sxo =  0 .7  Sc, Sw  =  0.5
Distance from the W all (inches)
Figure 5.5 Analytical model of a low-pressure gas formation, with 
high residual gas and irreducible water saturation._________________
G as Density =  0.1 g/cc 
Sxo = 0 .7  Sc. Sw  = 0.5
Distance from the W all (inches)
Figure 5.6 Analytical model of a low-pressure gas formation, with 
high residual gas and irreducible water saturation._________________
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Oil D ensity =  0 5  g/cc 






0 3 126 9 15 18
Distance from the W all (inches)
Figure 5.7 Analytical model of a light-oil formation, with common 
values of residual gas and irreducible water saturation._____________
As figure 5.7 shows the separation of the three curves is now much 
smaller, and difficult to distinguish. It can be argued that the reason for this small 
separation is that in the simplified theory we have assumed a fixed depth of 
investigation, independent of porosity or fluid type. It may also be the derivation of 
the hydrogen index from hydrocarbon density. Still another possible source of 
uncertainty is the nature of the invasion profile. In any event it is clear that the 
simplified approach can be trusted when dealing with gas formations but not so in 
oil formations. Again, as discussed in section 3.10, we feel compelled to use a more 
sophisticated approach: Monte Carlo Simulation.




Despite the closeness of the oil and water hydrocarbon indexes, we 
surmise that the presence of oil can be detected using the three neutron porosity 
approach. This could uc done if the separation of the responses of the three curves, 
although small, is statistically reliable. In order to test this hypothesis, and also to 
test the simplified theory applied to gas zones, we will use a reliable statistical 
approach: Monte Carlo Simulation
The Monte Carlo simulation, in all its forms, involves some sort of 
random sampling process. Monte Carlo samples are drawn from a “parent 
population” through sampling procedures governed by probability laws (Spanier and 
Gelbard, 1969). Good candidates for Monte Carlo simulations are systems with 
many interacting components where the synergistic behavior of each component is 
governed by known probability laws. Such a case is the medium to deep penetration 
neutron transport phenomena, basis of the dual-spaced neutron logging porosity tool.
Several authors have modeled the response of neutron logging sondes 
(epithermal, thermal and pulsed neutron) using Monte Carlo simulation codes (Ullo 
and Chiaramonte, 1983; Butler and Clayton, 1984; Mickael, 1988; Deupree and 
Noel, 1988; Peeters et al, 1994; Freitag et al, 1996). These simulations provide the 
basis of tool design and tool calibration charts. In Monte Carlo simulations of the 
dual-spaced neutron porosity tool the behavior of the neutrons is predicted with
48
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probability functions. The flux of neutrons that would arrive in the detector is 
divided into energy windows, and the thermal window is selected and measured.
6.2 Sampling Source
6.2.1 Energy. For non-monoenergetic sources, the source energy spectrum is used as 
a probability distribution function ipdf) for sampling the initial neutron energy. The 
yield values for each energy are normalized and added to give a cumulative 
distribution function, cdf. Figure 6.1 and 6.2 show the p d f and cdf for an AmBe 
source. The source neutron energy, E, is determined by sampling a random number, 
£  between 0 and 1 and interpolating the random number ^ in  the interval.










0 2 6 8 104 12
Biergy (MB/)
Figure 6.1. Energy spectrum of the AmBe source.___________
We have generated a sixth degree polynomial o f the cdf o f the AmBe 
source to illustrate the sampling procedure o f the source energy. The polynomial is:
E = 596.32g6 - I 757.3g5 +1980.4g4 -1054.5g3 -262.94g2 - 17.702g + 0.3291 .. .6.1
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and the correlation coefficient is:
R2 =0.9967 ...6.2












8 10 122 60 4
Biergy (MEV)
Figure 6.2. Cumulative distribution function of the neutron 
source spectrum. A sample energy is shown._______________
6.2.2 Direction. The polar and azimuthal angles, Q and (9, respectively, o f the initial 
direction of the neutron emitted by the source are obtained by sampling two random 
numbers, £/and Q, between 0 and 1,
0  = c o s '1 ( i -  2& £j) ...6.3
0  = 2nq2 ...6.4
The corresponding initial direction cosines (u,v, w) are:
u = (cos0 )\!I-cos2 Q ...6.5
v = (sin0)\J]-cos2 0 ...6.6
w = cos6 ...6.7
6.3 Collision Path
After assigning the initial neutron energy and direction, we must assign a
distance / that the neutron will move before a collision occurs. In a homogeneous
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medium the probability ,f(l)dl, that the collision will occur at a distance /+ dl is 
given by:
f ( l ) d l  = Z te~Z'ldl . ..6.8
where Z, is the total macroscopic cross section of the medium, as defined in section
2.5 (Eq. 2.9).
Following a similar treatment to the energy source, f(l), which varies 
from 0 to », is integrated from 0 to /, and equated to a random number, £?, to yield a 
cummulative distribution function. Solving for / we obtain:
l = ~ l r t £ 3 )/Z, - 6 . 9
The determination of collision lengths for heterogeneous media is
similar, with the exception that as the neutron enters a medium with different 
properties, the probability function varies with the new and previous cross section. 
Figure 6.3 describes the algorithm used to determine the path length sampling in 
heterogeneous media (after Mickael, 1988).
Once the collision length for the neutron has been established, the new 
coordinates (x,y,z) o f the neutron are:
x = x0 +lu ...6.10
y  = y 0 +lv ...6.11
z -  z 0 +lw ...6.12
Initially (x* y0, za) is the source location. After the first collision has occurred (Xo, y 0, 
z0) represent the coordinates o f the previous collision.
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(b -Z,lr ^J2)> Esh
Sample C}: 
- /  <  6  <  /
/ = b/Z,
I = l,+(b - Z ,l,)/Z ,
# o f  Mean Free Path 
b = - l n ( £ )
Figure 6.3 Flow diagram describing the path length sampling 
in heterogeneous media (after Mickael, 1988).
6.4 Interaction
The modeling of the interactions that the neutron will experience is 
governed by the interacting element and the type of collision that occurs.
6.4.1 Element Sampling. Of all the elements present in the surrounding media, the 
neutron will interact with only one at a time. The macroscopic cross section of an 
element is defined as the probability that an interaction with that element will occur.
Let I  1, Z2, .... Zn, be the total macroscopic cross sections of elements /, 2 n,
respectively. The probability distribution function for sampling an element is defined 
as the macroscopic cross section of that element divided by the total macroscopic 
cross section of the zone, Z,. The cdf is simply the progressive summation of the
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individual pd fs. A random number, is sampled and the corresponding value of 
cdf is obtained.
collision that occurs must be established. If 07. cr?, .... an, are the microscopic cross 
sections o f n possible interactions with that element, and cr, is the total microscopic 
cross section o f that element, the p d f  for a sampling a collision type is obtained by 
dividing the interaction microscopic cross section by the total microscopic cross 
section of that element. A similar method as the one followed for the interacting 
element is used to obtain the cdf and finally the collision type.
6.5 A “New Element”
After a neutron has collided with an element in the media, we must 
establish its new energy and direction. We have already explained in some detail the 
inelastic and scattering phenomena (sections 2.4 and 2.5). We also described the 
neutron absorption. In the latter type of reaction the life of the neutron is terminated.
6.5.1 Inelastic Scattering. If the scattering is inelastic, the new energy, E \  is given
6.4.2 Collision Type. Once the interacting element has been identified, the type of
by:
E. _ -l*{£s?6) 
c 2 (e )
...6.13
where E is the energy o f the incoming neutron,
and are random numbers between 0 and 1
and Ci(E) is the reciprocal o f the nuclear temperature, T, given by:
C j ( £ ) = / / r = — ...6.14
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where A is the ratio o f atomic mass of the colliding element to the mass o f the 
neutron.
The cosine o f the polar angle after scattering, 0C, is:
with £> being a random number between 0 and I.
6.5.2 Elastic Scattering. If the scattering is elastic, the new neutron direction and 
energy is calculated differently if  the colliding element is hydrogen or not. If it is not 
hydrogen the cosine o f the polar angle is also given by equation 6.15. The emerging 
energy is given by:
When the colliding element is hydrogen, the new energy and angle are given by:
where is a random number between 0 and /.
6.6 Variance Reduction
As we have seen in the development of the Monte Carlo code to model 
the neutron transport phenomena there are many random variables, which describe 
the life o f each individual neutron. This being the case, the amount of neutrons
cos6c = I - 2 g j ...6.15
£ ' = (// 2)e ]̂ 1 -  a)cos 9C +1 + a \ ...6.16
where
...6.17
E' = g8E ...6.19
and
. . . 6.20
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simulated must be extremely large for the output to have physical significance. As a 
consequence the computer time needed to follow each and every neutron is also 
considerable. Following the behavior of a neutron whose travelling path is in the 
opposite direction to that towards the detector is of little advantage. Deciding to 
terminate the life of such neutrons will result in a reduction of computational time. 
Nevertheless, we should take into account that the few neutrons which may “turn 
around” and reach the detector. Variance reduction methods accommodate these 
seemingly opposite objectives.
Variance reduction methods are schemes that concentrate on important 
aspects of a given problem without wasting time on the unimportant ones. These 
schemes reduce the statistical variance for the same amount of computer time. It can 
also be seen as techniques that increase the computational efficiency or convergence 
rate for a given solution accuracy (Hendricks and Booth, 1985). As hinted earlier, it 
is crucial to variance reduction methods to determine which parts of a problem are 
important and which ones are not. This is achieved by studying the outputs of 
preliminary simulations (trial and error) and with the aid of the experience of the 
programmer and with deterministic or stochastic diffusion methods.
6.6.1 Particle Weight. A fundamental concept in variance reduction of neutron 
transport is that of particle weight. Since following each and every neutron is not 
efficient, we can follow a statistically significant sample of particle “histories.” Each 
history is associated a weight that represents the number of particles modeled. Any 
particle can be split into N new particles, provided that the corresponding weight of 
each new particle is multiplied by 1/N. Similarly a particle can be “killed” at any
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time, provided that the weight of the surviving particles is multiplied by N. When a 
particle is “killed” with a probability of 1/N it is said to undergo “Russian Roulette.” 
Most variance reduction techniques work by putting a large number of low weight 
particles in regions of interest and a small number of high weight particles in regions 
of low interest.
Some common variance reduction techniques are Geometrical Splitting 
and Roulette, Weight Cutoff, Time and Energy Cutoffs, Source and Energy Angle 
Bias, Neutron Induced Photon Source Weight Control, Exponential Transform, 
Implicit Capture, Point Detectors, Weight Windows, Forced Collisions, Correlated 
Sampling, and Uniform Sampling, among others. It is beyond the scope of this 
dissertation to discuss these techniques in detail. It is worth noticing, however, that 
each code uses a particular technique, and that some may be more suited for some 
problems than others.
6.7 Simulating the Dual-Spaced Neutron Tool
The modeling of a borehole, within a hydrocarbon formation, and with an 
invasion profile, is achieved by presetting regions of homogeneous characteristics. 
These regions are straight cylinders, of infinite length, intersected by planes, of 
infinite length (figure 6.4). All the regions that the neutron must travel, from source 
to detector including the formation must be specified (source container, capsule, 
shielding, sonde housing, mud, detector flask, etc.). The more regions, the better the 
simulation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
Region 1 Region 2
Region 3
Figure 6.4 Simulation of three regions for the Monte Carlo simulation code. 
The regions are of equal height and different radius. The regions need not be 
concentric.
The error in count rates that the user is willing to accept is called
threshold. In a simulation run we bombard the formation with a group of neutrons 
from a given source and the count rates at the detectors are obtained. The process is 
again simulated many times, until the average count rate is bounded by a preset 
margin (the threshold). This threshold is normally set to less than one per cent. A 
random number, called “seed,” yields the input to each simulation process. The seed 
indicates the location of a random number in a predetermined sequence. In real 
simulations the seed is a pseudo-random number, obtained for example, from the 
four last digits of the logarithm of the CPU time of a process. This first number 
generates a second, and so forth. Since for every initial seed there is an actual
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sequence of following numbers, the distribution is not entirely random. However, 
the true randomness of the sequence is not necessarily required since every number 
is used for a different purpose, i.e. the first number is used for energy of the neutron, 
the second and third for direction, etc. The programmer can consequently initiate the 
simulation at different seeds and achieve random distributions for each individual 
process.
The Histories is the amount of cases that will be simulated in a given 
scenario, to yield a given threshold. A normal value of histories is one million. With 
the threshold and the histories fixed, the amount of regions are set. Ultimately the 
CPU time is determined by the Histories. For example a Monte Carlo simulation of 
the Western Atlas compensated dual neutron tool, with a threshold of 1%, and 
approximately 1,500,000 histories for 32 regions, in a piston-like invasion, requires 
approximately 6 hours of CPU time.
6.7.1 Associated Errors. There are two distinctive sources of error in Monte Carlo 
simulation of neutron tools. The first one is associated with the time response of the 
circuitry of an actual detector. Modeling of the neutron transport phenomenon does 
not take into account that when a thermal neutron arrives into a detector, filled with 
H3 in most cases, the associated voltage signal takes time to develop and decay. 
During this time, any other neutrons counted in the simulation, will not be counted 
in reality. Since the arrival of neutrons into a detector is random, only statistical 
estimations of the amount of “lost neutrons” can be given. This error, called the 
detector dead count effect, is estimated to be between 2% to 3%.
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The other error associated with the simulation is the background noise. 
Since the Brownian movement of the atoms and gamma ray activity in the detector 
will also give voltage signals, a lower limit in the energy window for detection is set. 
This discriminating window eliminates those neutrons whose energy was just 
enough to reach the detector. Again, an estimation of how many neutrons were 
affected is necessary. This estimation is actually performed with two real sources 
and a comparison of the detector yields for each one. This type of error is normally 
fully compensated.
6.7.2 W ater Zone Calibration. Three invasion scenarios were modeled for the most 
widely used dual spaced thermal neutron tool of Atlas Wireline Services. The Monte 
Carlo code used in the simulations is a Western Atlas version of the MCNP4.2. The 
MCNP4.2 is a Monte Carlo code developed at Los Alamos National Laboratories for 
the simulation of the electron, photon, and neutron transport (Waid et al, 1996). In 
these simulations, only the neutron tool response has been modeled. The true 
porosity of the formation is known.
Downhole conditions for the simulations in the water-bearing zone are 
set as follow:
Lithology: sandstone,
Bottom Hole Pressure: 4,000 psi,
Bottom Hole Temperature: 180°F,
Borehole Diameter: 8 inches.
Three cases were modeled. In the first case the formation water and filtrate salinity 
were equal to 5-kppm. Table 6.1 shows the output for this case. In the second case




Formation water salinity: 5-kppm; Mud filtrate salinity: 5-kppm
Porosity (%) 0 10 20 30 40
Near Count Rate 6.6577-04 3.3467E-04 2.1604E-04 1.5336E-04 1.1568-04
Error 1.17E-02 1.04E-02 8.90-03 8.70E-03 7.80E-03
Far Count Rate 3.0802E-04 7.4304E-05 2.9571E-05 1.5438E-05 9.8629-06
Error 1.16E-02 1.06E-02 9.30E-03 9.60E-03 8.90-3
Histories 500,000 800,000 1,100,000 1,400,000 1,700,000
Seed 867,600 1,058,988 1,348,812 1,484,304 1,772,722
TABLE 6.2 
CALIBRATION IN WATER
Formation water salinity: 80-kppm; Mud filtrate salinity: 80-kppm
Porosity (%) 0 10 20 30 40
Near Count Rate 5.7282E-04 2.704 IE-04 1.6253E-04 1.1187E-04 8.6055E-05
Error 1.16E-02 9.70E-03 8.20-03 8.00E-03 7.80E-03
Far Count Rate 2.6809E-04 5.0027E-05 1.9159E-05 1.0330-05 6.9997E-06
Error 1.12E-02 1.02E-02 8.90E-03 9.10E-03 9.2E-3
Histories 500,000 800,000 1,100,000 1,400,000 1,700,000
Seed 817,690 908,162 1,155,810 1,275,625 1,483,488
the salinity for both fluids was 80,000 ppm (Table 6.2). In the third scenario, the 
filtrate salinity was 5,000 ppm and the formation water salinity was 80-kppm. (Table 
6.3). A piston-like invasion was assumed, with diameter of invasion of 8 inches.




Formation water salinity: 80-kppm; Mud filtrate salinity: 5-kppm
Porosity (%) 0 10 20 30 40
Near Count Rate 6.6154E-04 3.0733E-04 1.8268E-04 1.3021E-04 9.8069E-05
Error 1.18E-02 9.90E-03 8.50E-03 8.10E-03 7.70E-03
Far Count Rate 3.092E-04 5.8802E-05 2.2058E-05 1.2098E-05 7.9606E-06
Error 1.16E-02 1.01E-02 9.30E-03 9.20E-03 9.00E-3
Histories 500,000 800,000 1,100,000 1,400,000 1,700,000
Seed 869,988 972,251 1,195,697 1,335,671 1,552,532
The count rate of each detector and their ratio were plotted against the 
apparent neutron porosity and calibration curves were obtained. We assumed that the 
filtrate displaces the formation water completely in the flushed zone (i.e. miscible 
displacement), and the three readings of the neutron tool are affected essentially by 
the same water salinity. Figures 6.5 to 6.7 show the calibration of the near, far, and 
ratio curves for the 5-kppm salinity scenario.
The calibration for each case, and for the entire porosity range, can be 
accurately expressed by a second-degree polynomial. For porosities higher than 10% 
the correlation can be accurately expressed by a first-degree polynomial. The 
calibrations for the other two water cases are shown in Appendix A.
6.7.3 Gas Zone. In this set of Monte Carlo simulations the formation is gas bearing. 
The downhole conditions are the same as in the case of water zone. The invasion 
profile parameters are:
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Monte Carlo: 5 kppm Water Calibration
PhiC= -28.056 log(ncnl) +172.1 
/  R2 = 0.990
PhiC = 7.990 log(ncnl)" - 112.68 log (ncnl^+ 394.84 
R2 = 0.999 V
2 3 4 5 6 7 8
Log Near Neutron Count Rate
Figure 6.5. Calibration of the near neutron detector count rate, in 5-kppm water 
filled sandstone.
Monte Carlo: 5 kppm Water Calibration
PhiF= -14.544 log(fcnl) + 71.251 
/  R2 = 0.9756
PhiF = 2.486 log(fcnl)2 - 31.287 log (fcnl) + 97  ̂
R2 = 0.998
0 1 2 3 4 5 6
Log Far Neutron Count Rate
Figure 6.6 Calibration of the far neutron detector count rate, in 5-kppm water 
filled sandstone.
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Monte Carlo: 5 kppm Water Calibration
40 -r





5  10  - -
PhiR = 0.0592 (near/far)2 +3.229 (near/far) - 6.7351 
R2 = 0.997
? 4 6 8 10 12 14
Near to Far Neutron Count Rate Ratio
Figure 6.7 Calibration of the near to far detector count rate ratio, in 5-kppm 
water filled sandstone.
Residual Gas Saturation: 35%,
Irreducible Water Saturation: 20%,
Connate Water Salinity: 80-kppm,
Diameter of Invasion: 4 inches,
Gas Density: 0.1 g/cc.
The three neutron derived porosities using the second degree polynomials 
obtained for 5-kppm fluids can be seen in table 6.4. Figure 6.8 shows a clear 
separation of the three curves at porosities higher than 10%. The separation of the
three porosities is as predicted by the simplified theory, i.e. <f>R< <f)p < (f>c- This
results shows that the analytical model is suitable only for gas typing, and that the 
excavation effect cannot be neglected, i.e. neutron porosities are much lower.
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TABLE 6.4
THREE NEUTRON POROSITY: GAS ZONE
Formation water salinity: 80- cppm; Mud filtrate salinity 5-kppm
Porosity (%) 10 20 30 40
Near Count Rate 4.973E-04 3.809E-04 3.054E-04 2.546E-04
0  c<2nd Deg. Pol) 3.26 7.41 11.71 15.84
Far Count Rate 1.788E-04 1.125E-04 7.651E-05 5.574E-05
(j) f(2nd Deg. Pol) 2.52 5.59 8.96 12.29
Near/Far Ratio 2.7812 3.3863 3.9912 4.5684
<p «(2nd Deg. Pol) 2.70 4.88 7.10 9.25
6.7.4 Oil Zone. Several scenarios were modeled, with varying oil densities and 
invasion profiles.
6.7.4.1 Piston-Like Invasion. This first case is a piston like invasion with downhole 
parameters similar to the gas case. The oil density is 0.65 g/cc. Three diameters of 
invasion were modeled (2, 6, and 12 inches). The detector outputs and the three 
neutron derived porosities using the second degree polynomials obtained for 5-kppm 
fluids can be seen in table 6.5 for an invasion depth of 6 inches. The true porosity 
versus detector porosity graph can be seen in fig. 6.9 The calibrated detector outputs 
for all three scenarios are illustrated in figure 6.10, which shows the three neutron 
responses for a 20% porosity oil zone, with varying invasion depths. The pattern 
obtained is that of hydrogen index greater than one. There seems to be an excavation 
effect, since the apparent porosity is smaller than the true porosity. This tends to
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Figure 6.8. The three neutron porosities separate with gas pattern at porosities 
larger than 10%.______________________________________________________
TABLE 6.5 
THREE NEUTRON POROSITY: OIL ZONE
Formation water salinity: 80- cppm; Mud filtrate salinity: 5-kppm
Porosity (%) 10 20 30 40
Near Count Rate 4.071E-04 2.795E-04 2.003E-04 1.591E-04
(p c(2nd Deg. Pol) 6.27 13.66 22.09 28.96
Far Count Rate 1.003E-04 4.530E-05 2.394E-05 1.500E-05
0/<2ndDeg. Pol) 6.52 14.74 23.60 31.38
Near/Far Ratio 4.0579 6.1706 8.3666 10.6052
<p «(2nd Deg. Pol) 7.34 15.44 24.42 34.17
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Figure 6.9. The three neutron porosities separate showing the behavior expected 
for a hydrogen index greater than one.____________________________________
contradict the common practice in log analysis, which assumes that the excavation 
effect is only present in very light hydrocarbons.
6.7.4.2 Sharp Transition Profile. In this simulation the invasion profile is a sharp 
two-step transition. The oil densities are 0.5, 0.65, and 0.8 g/cc. The downhole 
parameters are similar to the piston-like case previously shown. Figures 6.11 -  6.13 
show the predicted behavior of the dual-spaced neutron tool.
Tables 6.7, 6.8, and 6.9 show the detector output and the corresponding 
porosities for the different oil densities.
6.7.4.3 Smooth Transition Profile. Figures 6.14 to 6.16 show simulations of a 
smooth two-step transition invasion profile for three oil densities, i. are 0.5, 0.65, 
and 0.8 g/cc.
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Three Neutron Porosity: 0.65 g/cc Oil Zone
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Figure 6.11. The three neutron porosities in a transition invasion scenario 
separate showing the behavior expected for a hydrogen index smaller than one.
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Figure 6.12. The three neutron porosities in a transition invasion scenario 
separate showing the behavior expected for a hydrogen index smaller than one.



















Figure 6.13. The three neutron porosities in a transition invasion scenario 
separate showing the behavior expected for a hydrogen index greater than one.
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TABLE 6.6
THREE NEUTRON POROSITY: 0.5 g/cc OIL ZONE 
_________ Sharp Transition Profile___________ __
Porosity (%) 10 20 30 40
Near Count Rate 3.599E-04 2.353E-04 1.662E-04 1.290E-04
(p d 2nd Deg. Pol) 8.44 17.80 27.59 35.95
Far Count Rate 8.560E-05 3.702E-05 2.021E-05 1.295E-05
(p A2nd Deg. Pol) 7.87 17.30 26.28 34.05
Near/Far Ratio 4.2046 6.3548 8.2260 9.9622
(p «(2nd Deg. Pol) 7.89 16.18 23.83 31.31
TABLE 6.7
THREE NEUTRON POROSITY: 0.65 g/cc OIL ZONE
Sharp Transition Profi e
Porosity (%) 10 20 30 40
Near Count Rate 3.354E-04 2.132E-04 1.509E-04 1.145E-04
(p c(2nd Deg. Pol) 9.79 20.38 30.66 40.23
Far Count Rate 7.274E-05 2.948E-05 1.589E-05 1.039E-05
(pd2nd Deg. Pol) 9.43 20.47 30.35 38.25
Near/Far Ratio 4.6106 7.2340 9.4960 11.0219
(pd2nd Deg. Pol) 9.41 19.72 29.27 36.05
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TABLE 6.8
THREE NEUTRON POROSITY: 0.8 g/cc OIL ZONE 
_________ Sharp Transition Profile_________ >___
Porosity (%) 10 20 30 40
Near Count Rate 3.147E-04 1.967E-04 1.385E-04 1.025E-04
0  c(2nd Deg. Pol) 11.08 22.61 33.52 44.42
Far Count Rate 6.348E-05 2.448E-05 1.291E-05 8.287E-06
0  f<2nd Deg. Pol) 10.83 23.24 34.10 42.83
Near/Far Ratio 4.9580 8.0335 10.7242 12.3706
0  tf(2nd Deg. Pol) 10.73 23.03 34.70 42.27
Three Neutron Porosity: 0.5 g/cc Oil Zone
40 i
/•—-S
^  30 - 
’35 






0 10 20 30 40
True Porosity (%)
Figure 6.14. Smooth Transition Profile. The three neutron porosities separate 
showing the behavior expected for a hydrogen index smaller than one.________
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Figure 6.15. Smooth Transition Profile. The three neutron porosities separate 
showing the behavior expected for a hydrogen index greater than one._________
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Figure 6.16. Smooth Transition Profile. The three neutron porosities separate 
showing the behavior expected for a hydrogen index greater than one._________
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6.8 Pattern Recognition
The results obtained from the Monte Carlo Simulation of gas and oil 
filled porosities, plus the calibration performed in water allows us to identify cluster 
points in a convenient crossplot involving the three apparent neutron porosities. This 
crossplot is constructed in such a way as to maximize the difference between oil and 
gas. The horizontal axis is the far neutron porosity, and the vertical axis is the 
difference between the near and ratio porosities, divided by the ratio porosity. Figure 
6.16 shows such a graph with the location of the theoretical points for gas, light oil, 
heavy oil, and water.
Gas
O 0.5 Light Oil
PhiF (%) Water/Heavy Oil-0.5
Figure 6.17. Theoretical cluster pattern obtained for the three apparent neutron 
porosities in water, oil, and gas filled porosity..____________________________
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6.9 Flushed Zone Influence in Detector Response
We have seen that when in the presence of oil only two of the three 
curves are significantly different. The tool response can only distinguish between 
two zones (as in a piston-like scenario). In order to examine this phenomenon, the 
proportional volumes of figure 3.9b are expanded from 3 into 5 (figure 6.18). In 
doing this, equation 3.8 can be expressed as:
0 n = 0 t [n{sxocHmf)+ n { i-sxoc)Ho + r{ swHw)+r ( i - s w)Ho\+{i-® t )Hma ...6.21
where Q  and r are the volumes o f the flushed and virgin zones investigated by the 
tool, where:
n + T = I  ...6.22








Figure 6.18. a) Equivalent thermal neutron flux through a heterogeneous 
medium, b) The flux of neutrons is weighed volumetrically across 5 pure 
elements.
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Solving for Q in the equation, we obtain:
^ ) + ^ ^ j
Q  -  6 93(■S«* Hmf)+ (; - sioc )/?„ - )+(/ - sw „
Figure 6.19 is a graph of Q  as a function of true porosity for the near detector 









0 10 20 30 40
Porosity (%)
Figure 6.19. Influence of the Flushed Zone in the near neutron porosity.
the influence o f the flushed zone with the higher hydrogen index increases, which, in 
turn, reduces the depth of investigation of the neutron sonde. This confirms the 
theory presented in section 3.6.2. A similar approach can be followed for each o f the 
cases modeled.
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CHAPTER 7 
FIELD RESULTS
The method proposed to determine the hydrocarbon type using the 
individual responses o f the dual-spaced neutron tool was tested in several field cases. 
All of the scenarios shown are far from ideal, which offer the possibility of 
examining the validity of the method.
7.1 Open Hole Wireline Data
The first field case is from an open hole vertical well in West Texas. The 
lithology of the subsurface consists of sandstone/shale sequences, with dolomite and 
anhydrite present in the sands. There are two gas sands.
The calibration o f the near neutron count rate is shown in figure 7.1. The 
near neutron derived porosity is:
<(>q = -0.7198log(ncnl)+ 1.7162 ••• 7.1
with a correlation coefficient of
R2 =0.896
The calibration of the far neutron count rate is shown in figure 7.2, and 
the corresponding porosity was obtained using the equation
<f)c  =-0.3712 log{fcn l)-0.8752 ••• 7.2
with a correlation coefficient of
R2 =0.935
The three neutron porosity log for this well is plotted in figure 7.3. As
expected, the neutron saturation profile ) is observed in both gas
75
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West Texas: Open Hole
40 T
. S ' 3 0 ”
OUiO
cu 2 0 ”
coUi
10 "
PhiC = -0.7198 log(ncnl) + 1.7162 
R2 = 0.896
a 4
2.1 2.2 2.3 2.4 2.5
Log Near Neutron Count Rate
Figure 7.1. Calibration of the near detector count rate in water-zones in a 
vertical open hole in West Texas (wireline data).__________________________
West Texas: Open Hole
40 T
PhiF = -0.3712 Iog(fcnl) + 0.8752 
R2 = 0.935
ao
3  10  "  
2
1.81.6 2.0 2.2 2.4
Log Far Neutron Count Rate
Figure 7.2. Calibration of the far detector count rate in water-zones in a vertical 
open hole in West Texas (wireline data).________________________________
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West Texas: Open Hole
G a m m a  R ay D ep th N e a r  N eu tro n  P o ro sitv  (%)
(A P I) (ft) _____ F a r  N e u tro n  P o ro s itv  (%)__
R a tio  N eu tro n  P o rositv  (%)
0  50I I I - Y 7 n n  - ° ■ 1 I 40
- X 7 3 0 - JSL -  Gas 
^L_W ater
- X 7 6 0 -
- X 7 9 0 -
Gas
Figure 7.3. Three-Neutron Porosity Log showing the 




y  0.5 
IS
PhiF (%)
-0 .5  -
Figure 7.4. Cluster pattern obtained for the three apparent neutron porosities in 
the gas Filled zone of an open hole in West Texas.________________________
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sands, in the intervals X721-X735 and X754-X764. In the water sections all curves 
intertwine, as expected.
The cluster analysis of the gas sands can be seen in figure 7.4. We can 
observe that the pattern plots well above that derived from Monte Carlo simulations. 
This results from a combination of two favorable phenomena. The first one is that of 
a lower gas density, which decreases the far neutron porosity plotted on the 
horizontal axis. The second one is that of a high gas saturation, which increases the 
difference between the near and ratio porosity.
7.2 Open Hole LWD Data.
This well is highly deviated (70°). Sandstone with shale laminations is 
the predominant lithology. The well was logged while drilling. Mud salinity is 
relatively low.
The calibration of the near-neutron count rates in water is:
(j)c  = -94.347ln(ncnl)~788.82 ... 7.3
with a correlation coefficient of
R2 =0.729
The calibration of the far-neutron count rate in water is:
0F = -62.903ln(fcnl)~438.74 ... 7.4
with a correlation coefficient of
R2 =0.776
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A linear fit was deemed appropriate since the apparent porosities observed are well 
above 10%. The calibrations are shown in figs. 7.5 and 7.6.












7.9 7.95 8.058 8.1
Log Near Neutron Count Rate
Figure 7.5. Calibration of the near detector count rate ratio, in water-bearing 
formations in a deviated open hole in the Gulf of Mexico (MWD data).________
We observe that the correlation coefficients are much smaller than those 
of the previous example. This is to be expected for several reasons:
a) The lithology is not constant. Even though the sand/shale laminations 
are present, the width of each lamina is not necessarily the same throughout the 
water zone.
b) The data is from LWD. The algorithm used by the Service Company 
to determine when the tool was facing down is of statistical nature, and introduces 
some error. Data acquired while drilling is not as reliable as wireline data (Zhao, 
1994).
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Gulf of Mexico: Open Hole
♦ ♦
PhiF= -62.903 In(fcnl) + 438.74 
R2 = 0.7764—»3
2
6.3 6.35 6.4 6.45 6.5 6.55 6.6
Log Far Neutron Count Rate
Figure 7.6. Calibration of the far detector count rate ratio, in water-bearing 
formations in a deviated open hole in the Gulf of Mexico (MWD data).________
G ulf o f  M exico: O pen H ole




N e a r  N e u tro n  P o ro s itv  (%)
F a r  N e u tro n  P o ro s ity  (%)
0  120
R a tio  N e u tro n  P o ro s itv  (%)
0 60
- "I ■ t‘ “ X 575 I I 1
/ - X 6 0 0 - >
- X 6 2 5 -
1 Water
- X 6 5 0 -
I - X 6 7 5 -
*1 - X 7 0 0 -
Figure 7.7. . Three neutron porosity log of a deviated 
well in the Gulf of Mexico. The three curves 
intertwine, indicating the presence of water.________
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c) The well is inclined. The underlying shale could affect the sand 
porosity derived from the ratio.
The three-neutron porosity log of the water zone is shown in figure 7.7. 
As expected, the curves intertwine. The potential oil zones can be clearly seen in 
figure 7.8 (X365 to X385, and X403 to X415). The three curves separate as expected 
for oil. The cluster analysis is shown in figure 7.9.
G ulf o f  Mexico: Open H ole
D epth
(ft)
N e a r N eu tro n  P o ro s itv  (%)
 F a r  N eu tro n  P o ro s itv  (%)__
R atio  N eu tro n  P o ro s itv  (% )
G a m m a  R ay  
(A P I)
120
- - X 3 7 0 - -
Oil
- - X 3 9 0 - -
- - X 4 1 0 - -
Figure 7.8. Three neutron porosity log of a deviated 
well in the Gulf of Mexico. The oil pattern can be 
observed from X365 to X385, and X403 to X415.
The three neutron porosity log for the gas zone of this well can be seen in 
figure 7.10. We can observe that whereas the shaliness of the water and oil zones 
was somewhat similar, i.e. 30 API, the gamma ray level of the gas sand is 
significantly higher (60 API). As mentioned in section 6.8, a qualitative shale 
correction must be applied to the original points in the cluster analysis (figure 7.11).





-0 .5  J
Figure 7.9. Cluster pattern obtained for the three apparent neutron porosities in 
the oil zone of an open hole in the U.S. Gulf Coast of Mexico._______________
Gulf o f Mexico: Open Hole
G am m a Ray D epth N ear N eutron Porositv  (%)
(A P I) (ft) ____ F ar N eutron_Porosity
Ratio N eutron P orosity  {%)
0 120 0  6C
1 * \  * • X3UO"
{  '
- X 310 •
Gas
- X 320 -
. X 3 3 0 .
Figure 7.10. Three neutron porosity log of a deviated 
well in the Gulf of Mexico. The gas pattern is 
observed between X305 and X320.
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Figure 7.11. Cluster pattern obtained for the three apparent neutron porosities in 
a gas zone of an open hole in the U.S. Gulf Coast of Mexico. The shale 
correction vector is obtained using 42%, 43%, and 49% for the shale near, far, 
and ratio porosity, respectively.__________________________________________
7.3 Special Cases: Cased Hole
This example is from a cased hole also from the Gulf of Mexico. This is a 
40° deviated well, completed with 5-inch liner. The borehole was highly unstable, so 
it had to be cased before any open hole logs could have been taken. The lithology is 
a combination of sandstone and shales.
The calibrations of the near-neutron and the far neutron count rates in 
water are illustrated in figs. 7.12 and 7.13. In this case the correlation coefficients 
are much better than those obtained with LWD data of the previous example.
The water zone pattern can be seen in figure 7.14. The cluster analysis of 
cased holes seems to be somewhat more complicated than the shaly sand case. In
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Gulf o f Mexico: Cased Hole
4 0 "
g






PhiC = -70.014 log(ncnl) + 276.8 
R2 = 0.9051 0 "
3.54 3.56 3.58 3.6 3.62 3.64 3.66 3.68
Log Near Neutron Count Rate
Figure 7.12. Calibration of the near detector count rate in water-zones in a 
deviated cased hole in the Gulf of Mexico (wireline data).___________________
Gulf o f Mexico: Cased Hole
PhiF = -40.026 log(fcnl) + 130.68 
R2 = 0.968
2.8 2.92.6 2.72.5
Log Far Neutron Count Rate
Figure 7.13. Calibration of the near detector count rate in water-zones in a 
deviated cased hole in the Gulf of Mexico (wireline data).___________________
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Gulf of Mexico: Cased Hole
G a m m a  R ay D ep th N e a r  N e u tro n  P o ro s itv  (% )
(A P I) (ft) F a r  N eu tro n  P o ro s ity  (%)
0  120 1 1 1 X 7 2 0  -
R a tio  N eu tro n  P o ro s ity  (% )
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- X 7 3 0 -
W a t e r y
Y - X 7 4 0 -
- X 7 5 0 -
Figure 7.14. Three neutron porosity log of a deviated 
well in the Gulf of Mexico. The three curves 
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-0.5 PhiF (%)
Figure 7.15. Cluster pattern obtained for the three apparent neutron porosities in 
a gas zone of a cased hole in the U.S. Gulf Coast of Mexico. The location of the 
pattern indicates the presence of hydrocarbon.
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cased hole scenarios the near porosity calibrated in water zone would only be 
reading cement and casing, as if a very thick mudcake were present in open hole. 
The near porosity therefore will not be very sensitive to the presence of different 
fluids in the formation. The far porosity will be more sensitive, and the ratio (being 
derived from both readings) will be less sensitive than the far, and more than the 
near. All this translates into a shift of the points towards the lower right. A correction 
vector similar to that of shaly sands must be applied. The direction and magnitude of 
this vector, however, have not been determined. Therefore only the presence of 
hydrocarbon can be established The cluster plot of this cased hole is shown in figure
7.15.
Gulf o f Mexico: Cased Hole
G am m a Ray D epth N ear N eutron  Porositv  (%)
(API) (ft) ____ F ar N eutron_Pprosity^% )_
R atio N eutron  Porosity (%)
0 120 1 1 f - X 870 - 0 40 1 ' 1
- X 840 -
\  - • X 860 -
G as < y C
r *  ■- X 880 -
X -X 9 0 0  -
|
Figure 7.16. Three neutron porosity log of a deviated 
well in the Gulf of Mexico. The gas pattern can be 
observed from X830 to X885.
The three-neutron porosity log of the potential zone is shown in figure
7.16. In this presentation we observe a clear separation of the three curves, as 
expected for gas, between depths X825 and X886. This example illustrates how the
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combination of the cluster analysis and log can distinguish between all three fluids in 
a cased hole scenario.
7.4 Limitations.
The algorithm presented relies on a proper calibration of the individual 
detector readings to the compensated neutron porosity in water zones. In order for 
the calibration to be applicable, the water zones used in the calibration must display 
a wide range of porosity. If this condition does not exist, the order of magnitude of 
the calculated low porosities will be skewed to a lower limit. This limitation is 
clearly present in the last two field examples near the top of the sand sections.




A new interpretation method that allows for the determination of the fluid 
type present in a formation of interest was developed. The new method is referred to 
as the “Three Neutron Porosity Log”. The method is based on an algorithm that 
determines three apparent neutron porosities. These porosities, derived from the raw 
counts of the dual-spaced neutron tool, have three different radii of investigation. All 
three neutron porosities, near, far, and ratio, when properly calibrated read the true 
porosity in water-bearing zones. In oil or gas-bearing zones the mud filtrate invasion 
profile will cause the three apparent neutron porosities to be different. The resulting 
neutron porosity curves exhibit a pattern that allows for the identification of the fluid 
type. Pattern recognition is supplemented by cluster analysis of the same data.
The new method works in environments where current methods are not 
applicable. Such is the case of cased holes where the density tool cannot be run and 
therefore the neutron-density crossplot is not available.
The algorithm was validated with Monte Carlo simulations, and with 
field data. The method was tested using wireline and MWD data, and in open and 
cased holes.
The algorithm presented in this paper relies on a proper calibration of the 
individual detector readings to the compensated neutron porosity in water zones. In 
order for the calibration to be applicable, the water zones used in the calibration 
must display a wide range of porosity. If this condition does not exist, the order of
88
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magnitude of the calculated low porosities will be skewed to a lower limit. This 
limitation is clearly present in the last two field examples near the top of the sand 
sections.
The Monte Carlo simulations indicate the location of gas and oil clouds 
in the cluster analysis for open hole scenarios. An intuitive correction must be 
applied to the resulting points of a cased hole example.
8.2 Future Work
The proposed interpretation method should be simulated in cased-hole 
scenarios. We have surmised that the cluster analysis could be done with correction 
vectors, assuming that the location of the type-clouds would be the same in open and 
cased holes. This may not be necessarily the case and therefore Monte Carlo 
simulations of cased holes should be performed.
The correction for shaliness has been assumed to respond to a linear 
relationship. The nature of the clay distribution, laminar or dispersed, was not 
explored. We believe that the method should work as long as the shale distribution is 
the same in the water zone as in the hydrocarbon zone. However, Monte Carlo 
simulations that take into account this variable should be performed.
The application of the method may also be tested in cases of thinly 
laminated reservoirs, and in cases of high porosity, heavy oil formations.
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APPENDIX A 
MONTE CARLO CALIBRATIONS 
A.l 5-80 kppm Salinity
A Monte Carlo simulation for a borehole filled with 5 kppm salinity 
filtrate and 80 kppm salinity connate water yields the calibration shown in figures 
A .l, A.2, and A.3, for the near, far, and ratio porosities, respectively. Downhole 
conditions are similar to those set forth in section 6.7.2.
The depth of invasion is 8 inches. A second-degree polynomial fits the 







Monte Carlo: 5-80 kppm Calibration
PhiC  =  -26.015 log (ncnl) +  157.61 
R2 =  0.979
PhiC =  7.6925 log (n c n l) ' - 105.91 log (ncnl) i  ^363.57 
R2 =  0 .999
4 5 6
L o g  N e a r  N e u tro n  C o u n t R a te
Figure A.l Monte Carlo calibration of the near neutron detector count rate in a 
5-80 kppm salinity environment.
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Monte Carlo: 5-80 kppm Calibration
40  1
P h iF  =  -14.61 log (ncnl) +  6 7 .8 6 2  
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R2 =  0 .9959
13.183
3 5 642
Log Far Neutron Count Rate
Figure A.2 Monte Carlo calibration of the far neutron detector count rate in a 5- 
80 kppm salinity environment.___________________________________________
Monte Carlo: 5-80 kppm Calibration
PhiR  =  4 .125 (near/far) - 12.742 
R2 =  0 .980  \
eou
sVz
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62 8 104 12 14
Near to Far Neutron Count Rate Ratio
Figure A.3 Monte Carlo calibration of the near to far neutron detector count rate 
ratio, in a 5-80 kppm salinity environment.________________________________
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A.2 80 kppm Salinity
A Monte Carlo simulation for a borehole filled with 80 kppm salinity 
filtrate and 80 kppm salinity connate water yields the calibration shown in figures 
A.4, A.5, and A.6, for the near, far, and ratio porosities, respectively. Downhole 
conditions are similar to those set forth in section A.l. Notice the similarity in the 
coefficients of the first and second-degree equations obtained for all the calibrations 
from that of the 5-80 kppm (section A.l), and the 5 kppm water-filled porosity 
(section 6.7.2).).
Monte Carlo: 80 kppm Calibration
40 \  PhiC  =  -25.717 log (ncnl) +  152.71 
\  /  R2 =  0.979
£  30 \  /
& \  *0
1  2 0 -
s©u
Z  10
PhiC =  7.426 log (n cn l) ' - 100.92 log (n cn l)^^4 1 .6 1
0 J
R2 =  0.9984
2 3 4 5 6 7 8
L o g  N e a r  N e u tro n  C o u n t R a te
Figure A.4 Monte Carlo calibration of the near neutron detector count rate in 80
kppm water filled sandstone.
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Monte Carlo: 80 kppm Calibration
40 I
P hiF  =  -10.43 log (ncnl) +  54.928 
/  R2 =  0.925£  30 -
*5





P hiF  =  2.7709 log (fcnl)" - 31.471 log  (fa il 
R2 =  0 .9952
19.589
5 63 4
Log Far Neutron Count Rate
Figure A.5 Monte Carlo calibration of the far neutron detector count rate in a 80 
kppm salinity environment._____________________________________________
Monte Carlo: 80 kppm Calibration
40
PhiR  =  4.241 (near/far) - 14.242 
R2 =  0 .976
PhiR  =  0 .3 2 6 l(n e a r/fa r)‘  - 1,4894(near/far) +  8.6459 
R2 =  0.998
8 122 6 10 144
Near to Far Neutron Count Rate Ratio
Figure A.6 Monte Carlo calibration of the near to far neutron detector count rate 
ratio, in a 80 kppm salinity environment.__________________________________
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APPENDIX B
STEP-BY-STEP PROCEDURE FOR HYDROCARBON TYPING
The following is the step-by-step procedure that is to be followed in order 
to determine the type of hydrocarbon in a formation, using the dual-spaced neutron 
tool.
1. Obtain the unprocessed counts of the near (ncnl) and far (fcnl) 
detector o f the compensated neutron log. These are usually available 
in digital form from the service company.
2. Obtain the environmentally corrected neutron porosity, fa.
3. Identify the water zones. If possible, select the ones closest to the 
formation of interest. If the porosity range is too narrow, other water 
zones may be selected.
4. Note the gamma ray level of the water zones for possible correction 
for shaliness.
5. Plot log(ncnl) vs. fa in the water zones. Obtain a 2nd degree 
correlation. In most cases a first degree provides sufficient accuracy. 
The correlation would give fa.
6. Repeat step 5 for the far counts (fcnl). The correlation would give fa.
7. Plot a log with gamma ray in the first track, and fa, fa, fa  in the third 
and fourth tracks.
8. Observe the behavior of the curves in the zone o f interest. In water 
zones fa  = fa  = fa. In gas zones the porosity values are low, and 
fa  <(f>f<fa. In light oil zones with shallow invasion and low porosity 
fa  <fa =fa. In light oil zones with deep invasion and low porosity 
fa  =fa <fa. In light oil, high porosity formations fa  <fa <fa. In 
heavy oil zones, regardless of porosity, fa > fa  > fa.
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9. Plot (<pc - $v)/$v versus (pf in the zone of interest. Perform a cluster 
analysis and correct for shaliness if needed. The analysis should 
complement the log observation o f step 8.
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APPENDIX C 
GULF OF MEXICO MWD DATA
The following table is the measuring while drilling data of a 70° deviated 
open hole in the Gulf of Mexico. The default value of -999.25 indicates that the tool 
did not provide a measurement for that depth.
TABLE A. 1
0 PEN HOLE MWD DATA
Depth Gr PhiN Far Rate Near Rate
5500.0 80.711 45.480 567.00 2720.00
5500.5 80.711 46.454 567.00 2720.00
5501.0 77.216 46.880 -999.25 -999.25
5501.5 77.216 47.191 563.00 2712.00
5502.0 84.690 46.867 563.00 2712.00
5502.5 84.690 46.686 563.00 2712.00
5503.0 84.690 44.807 575.00 2736.00
5503.5 82.488 44.560 575.00 2736.00
5504.0 82.488 44.468 575.00 2736.00
5504.5 79.206 44.460 -999.25 -999.25
5505.0 79.029 -999.25 -999.25 -999.25
5505.5 78.381 47.090 -999.25 -999.25
5506.0 78.306 47.257 571.00 2680.00
5506.5 81.322 49.239 561.08 2674.33
5507.0 82.112 50.531 543.00 2664.00
5507.5 84.003 49.027 551.80 2681.60
5508.0 89.830 47.790 559.00 2696.00
5508.5 85.306 45.957 559.00 2696.00
5509.0 83.769 46.694 567.00 2616.00
5509.5 83.610 47.614 567.00 2616.00
5510.0 70.779 47.990 -999.25 -999.25
5510.5 70.779 48.290 551.00 2664.00
5511.0 77.216 47.916 551.00 2664.00
5511.5 77.216 43.383 551.00 2664.00
5512.0 76.136 46.700 -999.25 -999.25
5512.5 76.136 50.359 551.00 2672.00
5513.0 -999.25 49.671 551.00 2672.00
5513.5 87.845 49.610 -999.25 -999.25
5514.0 87.845 52.300 -999.25 -999.25
5514.5 83.568 52.299 543.00 2640.00
99 Table (con ’d.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5515.0 83.568 52.281 543.00 2640.00
5515.5 90.005 52.280 543.00 2640.00
5516.0 90.005 52.280 -999.25 -999.25
5516.5 89.920 43.760 -999.25 -999.25
5517.0 89.920 43.705 579.00 2768.00
5517.5 89.920 43.085 579.00 2768.00
5518.0 79.248 43.030 -999.25 -999.25
5518.5 79.248 -999.25 -999.25 -999.25
5519.0 74.189 -999.25 -999.25 -999.25
5519.5 74.189 33.730 -999.25 -999.25
5520.0 -999.25 33.730 607.00 2936.00
5520.5 67.752 33.730 607.00 2936.00
5521.0 67.752 36.360 -999.25 -999.25
5521.5 -999.25 38.784 603.00 2848.00
5522.0 -999.25 36.690 603.00 2848.00
5522.5 70.907 39.154 603.00 2848.00
5523.0 70.907 39.390 -999.25 -999.25
5523.5 -999.25 38.790 -999.25 -999.25
5524.0 62.480 38.790 579.00 2800.00
5524.5 62.480 38.790 579.00 2800.00
5525.0 -999.25 43.415 -999.25 -999.25
5525.5 -999.25 48.111 527.00 2680.00
5526.0 -999.25 48.867 527.00 2680.00
5526.5 59.241 48.541 527.00 2680.00
5527.0 59.241 50.737 539.00 2552.00
5527.5 64.669 51.049 539.00 2552.00
5528.0 65.763 52.105 -999.25 -999.25
5528.5 70.779 53.150 531.00 2528.00
5529.0 70.779 52.501 531.00 2528.00
5529.5 74.104 44.893 551.00 2624.00
5530.0 74.104 47.612 554.64 2643.79
5530.5 74.104 43.599 579.00 2776.00
5531.0 -999.25 40.311 568.49 2781.26
5531.5 74.019 40.492 563.00 2784.00
5532.0 74.019 41.575 -999.25 -999.25
5532.5 -999.25 42.255 595.00 2792.00
5533.0 -999.25 38.267 595.00 2792.00
5533.5 77.557 39.717 587.00 2728.00
5534.0 77.557 44.082 587.00 2728.00
5534.5 -999.25 43.208 595.00 2752.00
5535.0 -999.25 39.071 595.00 2752.00
5535.5 79.333 38.710 -999.25 -999.25
5536.0 79.333 49.290 -999.25 -999.25
T able (co n ’
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5536.5 -999.25 49.294 559.00 2720.00
5537.0 -999.25 48.898 558.56 2720.00
5537.5 -999.25 43.510 551.91 2720.00
5538.0 86.680 42.448 563.45 2705.06
5538.5 86.680 42.429 567.53 2700.63
5539.0 -999.25 47.152 562.55 2708.45
5539.5 -999.25 46.187 583.00 2688.00
5540.0 -999.25 45.259 579.73 2733.78
5540.5 79.419 42.148 570.66 2731.02
5541.0 79.419 50.835 543.00 2688.00
5541.5 79.419 50.029 552.33 2688.00
5542.0 -999.25 42.854 568.62 2653.96
5542.5 88.755 42.499 585.00 2610.99
5543.0 88.755 47.806 571.00 2632.00
5543.5 -999.25 48.981 563.20 2632.00
5544.0 -999.25 49.123 555.00 2632.00
5544.5 84.776 44.903 547.81 2598.47
5545.0 84.776 50.476 543.00 2576.00
5545.5 84.776 53.181 531.62 2524.80
5546.0 -999.25 54.099 527.00 2504.00
5546.5 76.264 58.487 498.00 2456.00
5547.0 76.264 58.293 495.93 2482.47
5547.5 73.109 56.219 493.00 2520.00
5548.0 73.109 54.726 506.89 2505.19
5548.5 73.109 53.435 523.00 2488.00
5549.0 66.545 54.440 524.80 2506.00
5549.5 66.545 54.561 527.00 2528.00
5550.0 66.545 51.806 549.80 2569.80
5550.5 72.072 47.352 575.00 2616.00
5551.0 76.889 46.155 578.60 2644.81
5551.5 79.458 44.738 583.00 2680.00
5552.0 70.907 42.308 603.49 2720.98
5552.5 70.907 40.326 623.00 2760.00
5553.0 68.875 42.103 595.98 2766.00
5553.5 68.875 43.154 587.00 2768.00
5554.0 68.875 46.880 567.00 2656.00
5554.5 71.944 45.164 580.62 2683.23
5555.0 71.944 39.446 599.00 2720.00
5555.5 75.184 41.353 564.81 2707.63
5556.0 75.184 43.533 571.30 2701.13
5556.5 -999.25 42.205 -999.25 -999.25
5557.0 -999.25 40.705 587.00 2752.00
5557.5 61.230 40.963 587.00 2752.00
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5558.0 59.298 43.359 563.00 2704.00
5558.5 55.006 42.997 563.00 2704.00
5559.0 56.214 39.543 603.00 2752.00
5559.5 56.113 39.861 603.00 2752.00
5560.0 51.471 40.238 603.00 2777.41
5560.5 50.135 40.192 603.00 2784.00
5561.0 56.044 41.390 587.00 2864.00
5561.5 52.191 41.375 587.00 2864.00
5562.0 51.513 37.401 643.00 2856.00
5562.5 55.006 37.098 643.00 2856.00
5563.0 56.959 36.918 643.00 2856.00
5563.5 52.468 36.043 623.00 2968.00
5564.0 48.740 35.998 623.00 2968.00
5564.5 47.745 36.000 -999.25 -999.25
5565.0 47.745 -999.25 -999.25 -999.25
5565.5 48.782 -999.25 -999.25 -999.25
5566.0 48.782 -999.25 -999.25 -999.25
5566.5 56.129 38.230 -999.25 -999.25
5567.0 55.130 38.223 611.00 2896.00
5567.5 53.969 38.128 611.00 2896.00
5568.0 51.809 37.699 611.00 2896.00
5568.5 51.809 35.252 639.00 2944.00
5569.0 57.209 35.078 639.00 2944.00
5569.5 57.209 37.720 -999.25 -999.25
5570.0 61.443 40.372 607.00 2792.00
5570.5 61.443 40.540 603.28 2796.96
5571.0 61.401 40.811 595.00 2808.00
5571.5 61.401 39.244 595.00 2843.44
5572.0 60.363 38.484 595.00 2864.41
5572.5 60.363 37.227 595.00 2880.00
5573.0 49.692 37.214 599.00 2856.00
5573.5 48.216 37.213 599.00 2856.00
5574.0 40.143 35.662 615.00 2880.00
5574.5 42.334 35.638 615.00 2880.00
5575.0 44.420 37.760 599.00 2832.00
5575.5 38.895 38.466 596.61 2827.22
5576.0 38.207 40.256 591.00 2816.00
5576.5 39.471 39.985 587.62 2856.58
5577.0 41.223 40.173 592.86 2866.93
5577.5 38.026 38.503 603.00 2872.00
5578.0 38.026 35.259 613.63 2985.41
5578.5 35.490 33.244 625.78 3033.55
5579.0 30.636 30.573 651.00 3112.00
Table (con’d.)
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5579.5 30.636 32.486 633.45 3018.40
5580.0 31.844 33.793 627.00 2984.00
5580.5 31.844 37.871 599.00 2880.00
5581.0 28.519 37.968 599.00 2880.00
5581.5 27.952 35.142 643.00 2896.00
5582.0 26.487 34.887 643.00 2896.00
5582.5 26.487 34.529 619.00 3048.00
5583.0 29.684 33.598 619.00 3048.00
5583.5 29.684 33.422 639.00 2984.00
5584.0 -999.25 32.735 646.26 3027.56
5584.5 31.801 29.382 667.00 3152.00
5585.0 31.801 28.514 671.25 3157.67
5585.5 -999.25 28.180 679.00 3168.00
5586.0 -999.25 29.494 665.00 3128.00
5586.5 -999.25 30.229 651.00 3088.00
5587.0 -999.25 31.825 628.24 3070.93
5587.5 -999.25 33.203 619.00 3064.00
5588.0 26.444 35.913 619.00 2912.00
5588.5 26.444 35.820 619.00 2912.00
5589.0 30.636 36.428 615.00 2888.00
5589.5 30.636 36.514 615.00 2888.00
5590.0 30.636 34.104 623.00 2944.00
5590.5 29.642 33.675 623.00 2944.00
5591.0 29.642 34.370 611.00 2960.00
5591.5 21.983 34.275 611.00 2960.00
5592.0 21.103 35.225 607.00 2928.00
5592.5 23.247 35.710 607.00 2928.00
5593.0 20.432 33.205 639.00 2960.00
5593.5 20.135 32.964 639.00 2960.00
5594.0 25.322 33.379 623.00 3000.00
5594.5 24.679 34.329 620.07 2973.65
5595.0 23.247 35.517 615.00 2928.00
5595.5 24.686 34.908 618.04 2952.30
5596.0 26.444 34.630 619.00 2960.00
5596.5 26.478 34.610 -999.25 -999.25
5597.0 26.487 35.960 -999.25 -999.25
5597.5 26.487 35.960 623.00 2880.00
5598.0 21.923 36.049 619.88 2882.08
5598.5 22.470 37.127 599.00 2896.00
5599.0 25.492 37.154 596.33 2917.39
5599.5 24.601 36.762 595.00 2928.00
5600.0 24.670 33.543 651.00 2920.00
5600.5 26.487 33.895 622.98 2959.23
T able (co n ’i
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5601.0 26.467 33.273 619.40 3005.40
5601.5 26.444 32.418 627.00 3032.00
5602.0 24.360 32.508 643.00 2976.00
5602.5 23.375 33.008 643.00 2976.00
5603.0 24.002 36.139 595.00 2976.00
5603.5 24.285 36.204 595.00 2976.00
5604.0 27.264 36.070 599.00 2944.00
5604.5 28.604 36.172 599.00 2944.00
5605.0 27.029 36.150 602.12 2937.77
5605.5 26.530 35.489 607.00 2928.00
5606.0 27.524 34.536 613.74 2950.48
5606.5 27.524 33.933 619.00 2968.00
5607.0 23.205 35.387 603.00 2944.00
5607.5 23.205 36.171 603.00 2944.00
5608.0 23.375 35.915 610.00 2930.00
5608.5 23.375 35.340 619.00 2912.00
5609.0 29.684 34.072 622.07 2961.17
5609.5 29.684 33.522 623.00 2976.00
5610.0 27.397 34.793 607.00 2968.00
5610.5 26.590 35.132 607.00 2968.00
5611.0 24.285 35.044 635.00 2872.00
5611.5 25.324 34.996 635.00 2872.00
5612.0 27.524 35.166 626.49 2885.62
5612.5 27.540 35.597 615.00 2904.00
5613.0 27.567 36.672 611.70 2857.80
5613.5 27.488 36.998 611.00 2848.00
5614.0 27.397 37.439 587.00 2952.00
5614.5 26.831 37.180 587.00 2952.00
5615.0 26.487 33.081 643.00 2960.00
5615.5 30.874 32.978 643.00 2960.00
5616.0 31.221 36.763 615.42 2915.86
5616.5 28.647 38.219 603.00 2896.00
5617.0 28.647 36.796 603.00 2896.00
5617.5 -999.25 36.660 -999.25 -999.25
5618.0 -999.25 32.110 -999.25 -999.25
5618.5 26.444 32.115 639.00 3000.00
5619.0 29.170 32.472 639.00 3000.00
5619.5 31.759 36.225 603.00 2928.00
5620.0 22.167 36.612 603.00 2928.00
5620.5 22.770 34.477 615.00 2952.00
5621.0 24.780 34.243 615.00 2952.00
5621.5 27.072 33.547 635.00 2936.00
5622.0 22.253 33.334 635.00 2936.00
T ab le  (con’
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5622.5 22.253 31.436 659.00 3008.00
5623.0 21.173 31.804 659.00 3008.00
5623.5 21.173 38.186 599.00 2880.00
5624.0 27.567 38.503 599.00 2880.00
5624.5 27.567 35.883 610.96 2937.43
5625.0 32.796 34.552 619.00 2976.00
5625.5 32.796 36.242 613.30 2930.40
5626.0 25.535 37.648 607.00 2880.00
5626.5 25.535 36.865 607.00 2888.51
5627.0 29.557 36.626 607.00 2904.00
5627.5 29.557 37.078 607.00 2904.00
5628.0 23.247 35.805 -999.25 -999.25
5628.5 23.247 34.474 607.00 3024.00
5629.0 27.524 34.289 607.00 3024.00
5629.5 27.524 34.332 607.00 3024.00
5630.0 28.519 35.962 615.00 2912.00
5630.5 28.519 35.621 615.00 2912.00
5631.0 26.530 31.726 635.00 3064.00
5631.5 26.530 32.004 635.00 3064.00
5632.0 24.455 32.867 627.00 3040.00
5632.5 24.455 32.967 627.00 3040.00
5633.0 30.764 34.074 615.00 3016.00
5633.5 30.569 34.269 615.00 3016.00
5634.0 29.599 36.254 605.05 2951.31
5634.5 29.090 37.557 599.00 2912.00
5635.0 28.604 36.877 599.00 2944.78
5635.5 28.604 35.345 599.00 2976.00
5636.0 28.562 34.953 606.37 2978.17
5636.5 28.562 37.983 608.86 2927.72
5637.0 21.173 39.686 582.65 2947.44
5637.5 21.173 37.349 579.00 2952.00
5638.0 -999.25 32.295 635.00 3024.00
5638.5 -999.25 31.829 635.00 3024.00
5639.0 22.253 31.875 619.00 3072.00
5639.5 22.253 31.808 619.00 3072.00
5640.0 21.478 29.693 671.00 3048.00
5640.5 21.130 29.369 671.00 3048.00
5641.0 23.790 29.086 651.00 3112.00
5641.5 25.407 28.883 651.00 3112.00
5642.0 23.929 28.977 655.00 3136.00
5642.5 22.210 29.113 655.00 3136.00
5643.0 22.210 28.431 667.00 3140.00
5643.5 27.652 27.625 679.00 3144.00
Table (con’d.)
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5644.0 27.652 27.658 679.00 3144.00
5644.5 27.610 29.759 663.00 3064.00
5645.0 27.610 29.833 663.00 3064.00
5645.5 26.487 25.621 695.00 3240.00
5646.0 26.487 25.610 695.00 3240.00
5646.5 29.599 30.535 639.00 3080.00
5647.0 29.599 31.341 639.00 3080.00
5647.5 28.604 36.090 619.00 2944.00
5648.0 28.604 34.930 619.00 2944.00
5648.5 28.604 34.999 619.00 2938.07
5649.0 -999.25 34.551 619.00 2936.00
5649.5 25.365 34.916 595.00 3000.00
5650.0 25.365 35.315 595.00 3000.00
5650.5 20.050 34.394 615.00 2984.00
5651.0 20.050 34.216 615.00 2984.00
5651.5 24.084 33.576 629.36 2969.64
5652.0 26.530 33.054 639.00 2960.00
5652.5 25.593 33.537 631.40 2975.20
5653.0 24.327 33.743 623.00 2992.00
5653.5 24.327 33.022 623.00 2992.00
5654.0 28.562 34.133 599.00 3008.00
5654.5 28.562 34.809 599.00 3008.00
5655.0 20.135 36.476 587.00 2968.00
5655.5 20.135 36.242 587.00 2968.00
5656.0 24.370 34.481 627.00 2952.00
5656.5 23.583 34.895 623.29 2939.02
5657.0 21.462 36.516 611.00 2896.00
5657.5 25.982 36.566 611.00 2896.00
5658.0 25.365 36.062 595.00 2976.00
5658.5 25.365 35.415 611.64 2950.11
5659.0 25.365 34.755 631.00 2920.00
5659.5 25.922 34.700 -999.25 -999.25
5660.0 26.402 34.690 -999.25 -999.25
5660.5 26.402 34.690 611.00 2976.00
5661.0 22.253 34.815 611.00 2976.00
5661.5 22.253 36.331 595.00 2960.00
5662.0 24.327 36.369 595.79 2960.00
5662.5 24.327 35.914 599.00 2960.00
5663.0 25.407 35.608 604.52 2954.48
5663.5 25.407 35.414 607.00 2953.92
5664.0 23.290 35.295 607.00 2960.00
5664.5 23.290 35.365 603.00 2976.00
5665.0 23.205 35.497 603.00 2976.00
Table (con’d.)
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5665.5 23.205 35.425 599.00 2992.00
5666.0 24.327 34.735 599.00 2992.00
5666.5 25.450 33.475 619.00 2992.00
5667.0 25.450 33.787 619.00 2992.00
5667.5 20.178 32.625 643.00 2984.00
5668.0 20.178 32.918 643.00 2984.00
5668.5 25.279 34.181 619.00 2992.00
5669.0 25.279 34.189 619.00 2992.00
5669.5 28.647 34.069 619.00 2992.00
5670.0 28.647 33.838 619.00 3000.00
5670.5 27.524 33.902 619.00 3000.00
5671.0 27.524 34.898 615.00 2936.00
5671.5 27.567 35.098 615.00 2936.00
5672.0 27.567 36.625 597.09 2943.17
5672.5 21.173 37.819 579.94 2948.30
5673.0 21.173 37.062 578.87 2973.23
5673.5 26.359 33.893 601.54 3055.01
5674.0 26.359 33.764 620.75 3019.92
5674.5 25.365 34.388 629.18 2976.70
5675.0 25.365 34.577 626.40 2984.02
5675.5 29.541 35.284 619.00 2984.00
5676.0 32.796 37.239 607.00 2912.00
5676.5 33.363 37.195 607.00 2912.00
5677.0 33.876 36.717 611.00 2928.00
5677.5 31.151 36.691 611.00 2928.00
5678.0 29.727 35.708 623.00 2928.00
5678.5 30.841 35.687 623.00 2928.00
5679.0 31.646 36.569 623.00 2928.00
5679.5 29.875 33.576 631.00 2984.00
5680.0 29.557 34.012 627.28 2964.14
5680.5 -999.25 35.238 619.00 2917.83
5681.0 27.482 34.601 621.29 2911.42
5681.5 27.482 33.373 639.00 2952.00
5682.0 25.776 35.433 620.29 2914.57
5682.5 22.167 36.356 611.00 2896.00
5683.0 26.768 34.396 635.00 2936.00
5683.5 29.557 34.557 635.00 2936.00
5684.0 26.487 35.981 603.00 2984.00
5684.5 28.727 36.164 603.00 2984.00
5685.0 30.952 35.605 -999.25 -999.25
5685.5 34.956 35.036 635.00 2944.00
5686.0 35.550 34.994 635.00 2944.00
5686.5 36.036 34.850 -999.25 -999.25
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5687.0 35.338 34.699 611.00 3040.00
5687.5 34.914 34.581 611.00 3040.00
5688.0 34.889 36.830 -999.25 -999.25
5688.5 34.871 39.033 595.00 2912.00
5689.0 34.871 38.397 595.00 2912.00
5689.5 35.993 37.625 -999.25 -999.25
5690.0 35.993 36.952 615.00 2904.00
5690.5 30.722 37.418 615.00 2904.00
5691.0 30.722 37.460 -999.25 -999.25
5691.5 30.722 -999.25 -999.25 -999.25
5692.0 34.999 38.280 -999.25 -999.25
5692.5 35.523 38.323 591.00 2944.00
5693.0 36.946 38.495 591.00 2944.00
5693.5 31.439 34.724 623.00 3000.00
5694.0 35.875 34.640 623.00 3000.00
5694.5 37.116 35.450 -999.25 -999.25
5695.0 32.875 36.308 603.00 3000.00
5695.5 35.244 37.208 603.00 3000.00
5696.0 36.544 38.959 599.00 2928.00
5696.5 34.999 38.678 597.29 2945.15
5697.0 41.308 37.858 591.00 3008.00
5697.5 41.308 37.264 610.91 2939.73
5698.0 40.143 37.097 619.00 2912.00
5698.5 40.143 35.594 619.00 2952.00
5699.0 36.988 35.363 617.80 2961.58
5699.5 36.988 35.493 614.56 2978.76
5700.0 30.679 36.586 611.25 2939.02
5700.5 30.679 36.902 603.87 2957.38
5701.0 32.204 36.208 608.35 2981.39
5701.5 32.770 35.589 611.00 2992.00
5702.0 33.956 35.708 615.00 2976.00
5702.5 34.871 35.929 615.00 2976.00
5703.0 34.956 34.204 639.59 2981.62
5703.5 35.884 33.840 638.41 2986.38
5704.0 38.281 33.820 -999.25 -999.25
5704.5 38.281 30.200 -999.25 -999.25
5705.0 35.993 30.173 651.00 3144.00
5705.5 35.993 29.852 656.86 3144.00
5706.0 37.031 30.100 667.00 3144.00
5706.5 37.031 35.397 627.00 2968.00
5707.0 37.031 35.773 636.39 2939.82
5707.5 41.180 36.081 643.00 2920.00
5708.0 41.180 37.343 619.00 2936.00
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5708.5 41.180 36.407 629.04 2942.69
5709.0 43.425 33.872 655.00 2960.00
5709.5 43.425 33.734 655.00 2960.00
5710.0 43.425 34.363 633.00 2961.01
5710.5 53.884 32.557 644.83 2919.60
5711.0 53.884 32.291 632.78 2934.76
5711.5 53.884 31.957 638.10 2961.16
5712.0 -999.25 34.800 649.72 2951.11
5712.5 -999.25 38.553 623.00 2832.00
5713.0 -999.25 38.539 621.89 2840.91
5713.5 72.072 38.567 619.00 2864.00
5714.0 72.072 41.440 598.26 2822.52
5714.5 71.035 42.485 591.00 2808.00
5715.0 71.035 43.222 579.00 2800.00
5715.5 74.062 43.025 579.00 2800.00
5716.0 74.062 43.212 579.00 2800.00
5716.5 71.462 45.128 575.00 2704.00
5717.0 67.582 45.340 575.00 2704.00
5717.5 67.692 43.760 587.00 2752.00
5718.0 67.752 41.345 617.94 2803.67
5718.5 67.923 40.783 622.32 2852.08
5719.0 69.195 40.750 -999.25 -999.25
5719.5 72.029 46.430 -999.25 -999.25
5720.0 77.539 46.482 591.00 2704.00
5720.5 73.024 47.115 591.00 2704.00
5721.0 69.592 47.892 580.68 2667.87
5721.5 79.836 48.929 575.00 2648.00
5722.0 84.605 48.450 575.00 2648.00
5722.5 85.463 47.380 -999.25 -999.25
5723.0 86.808 46.000 571.00 2688.00
5723.5 82.790 42.382 571.00 2688.00
5724.0 75.778 47.359 558.09 2679.40
5724.5 75.712 48.851 547.00 2672.00
5725.0 -999.25 46.124 583.00 2640.50
5725.5 75.141 44.617 611.00 2616.00
5726.0 75.141 46.389 577.18 2663.34
5726.5 72.509 44.501 581.99 2786.25
5727.0 72.718 42.026 591.00 2880.00
5727.5 75.413 41.820 -999.25 -999.25
5728.0 79.986 42.650 -999.25 -999.25
5728.5 79.454 42.669 587.00 2816.00
5729.0 78.168 42.881 587.00 2816.00
5729.5 76.715 45.775 -999.25 -999.25
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5730.0 76.094 48.696 555.00 2656.00
5880.0 90.395 49.230 -999.25 -999.25
5880.5 86.680 49.375 557.43 2663.54
5881.0 85.894 51.100 557.34 2648.22
5881.5 86.622 52.415 553.43 2639.46
5882.0 82.821 52.657 550.26 2636.16
5882.5 91.100 50.118 563.82 2643.93
5883.0 94.306 50.155 556.36 2623.59
5883.5 93.480 49.195 561.16 2605.53
5884.0 86.250 45.392 547.73 2639.58
5884.5 81.066 53.676 543.05 2580.39
5885.0 78.339 54.715 542.83 2561.27
5885.5 -999.25 51.149 572.38 2568.76
5886.0 89.835 50.609 550.31 2630.30
5886.5 90.779 54.027 553.56 2573.85
5887.0 88.139 52.962 556.77 2552.03
5887.5 79.190 55.273 524.93 2598.71
5888.0 95.821 54.922 535.00 2592.00
5888.5 86.007 54.434 531.92 2610.45
5889.0 86.131 53.538 537.42 2608.30
5889.5 88.801 52.843 548.60 2608.77
5890.0 87.079 52.281 548.68 2650.84
5890.5 86.406 51.474 562.12 2656.00
5891.0 89.985 53.362 550.95 2614.27
5891.5 92.389 56.507 533.04 2555.02
5892.0 95.883 54.399 545.07 2560.00
5892.5 94.307 52.581 551.00 2560.00
5893.0 93.526 55.058 559.00 2504.00
5893.5 89.914 53.408 561.48 2511.44
5894.0 82.502 51.811 567.00 2528.00
5894.5 96.484 52.579 567.00 2528.00
5895.0 88.765 50.986 571.00 2584.00
5895.5 84.733 50.708 572.94 2597.56
5896.0 91.357 50.510 575.00 2636.02
5896.5 90.577 48.777 572.20 2676.02
5897.0 92.482 49.007 561.08 2688.00
5897.5 98.027 51.594 547.50 2679.50
5898.0 89.376 52.796 540.81 2649.21
5898.5 85.231 46.521 531.07 2622.82
5899.0 90.977 45.222 553.14 2595.71
5899.5 92.037 46.997 553.75 2631.29
5900.0 -999.25 43.813 562.86 2719.59
5900.5 -999.25 40.823 568.52 2777.74
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5901.0 66.143 36.611 616.90 2804.35
5901.5 62.501 36.729 603.84 2802.21
5902.0 56.613 35.082 615.50 2819.19
5902.5 53.071 32.640 640.50 2849.43
5903.0 51.132 31.220 653.44 2864.06
5903.5 46.315 29.641 661.48 2918.60
5904.0 42.313 27.980 679.85 2967.67
5904.5 40.932 27.196 692.04 2999.94
5905.0 40.506 29.700 643.63 2966.87
5905.5 41.041 30.805 634.73 2932.74
5906.0 41.133 30.716 649.53 2919.66
5906.5 42.699 31.650 640.63 2901.58
5907.0 43.224 31.981 623.44 2931.92
5907.5 46.547 31.284 620.66 2987.37
5908.0 49.151 31.768 630.14 2920.14
5908.5 47.669 32.398 631.00 2848.00
5909.0 46.640 32.450 -999.25 -999.25
5909.5 47.575 32.620 -999.25 -999.25
5910.0 45.928 32.582 623.00 2872.00
5910.5 46.710 32.190 628.68 2882.52
5911.0 41.100 32.695 632.96 2843.04
5911.5 47.266 34.270 617.65 2797.29
5912.0 46.927 35.399 603.67 2784.00
5912.5 47.421 35.886 599.00 2784.00
5913.0 46.787 35.135 615.00 2784.00
5913.5 47.253 35.158 615.00 2789.34
5914.0 48.697 34.916 610.54 2796.46
5914.5 47.933 35.443 599.00 2808.00
5915.0 47.745 37.281 586.63 2748.29
5915.5 44.462 37.473 580.58 2737.58
5916.0 44.960 34.020 595.00 2872.00
5916.5 50.126 32.913 600.50 2860.88
5917.0 50.921 33.154 609.80 2839.04
5917.5 45.628 33.482 605.99 2813.97
5918.0 37.655 33.070 615.00 2824.00
5918.5 43.287 32.209 616.85 2825.24
5919.0 40.200 32.598 617.62 2833.83
5919.5 42.868 33.791 601.54 2827.71
5920.0 33.350 32.330 627.26 2856.54
5920.5 39.387 32.661 624.88 2840.90
5921.0 43.759 31.433 637.77 2869.37
5921.5 45.257 32.409 625.07 2858.74
5922.0 48.070 33.669 618.33 2816.27
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5922.5 44.202 34.737 610.46 2778.47
5923.0 47.494 35.148 617.33 2776.90
5923.5 49.335 36.930 596.03 2748.07
5924.0 49.450 37.330 588.68 2765.27
5924.5 50.838 36.822 585.98 2791.01
5925.0 44.403 34.177 612.18 2835.02
5925.5 44.087 32.471 628.77 2862.96
5926.0 43.723 31.361 641.42 2862.84
5926.5 40.994 29.145 649.11 2956.11
5927.0 40.906 28.885 639.40 2979.19
5927.5 39.611 29.348 641.30 2944.00
5928.0 38.231 28.458 661.59 2949.31
5928.5 40.255 27.111 691.00 2960.00
5929.0 41.808 27.820 661.37 2989.63
5929.5 42.303 28.946 645.74 2975.47
5930.0 -999.25 30.072 625.35 2941.89
5930.5 -999.25 31.529 615.64 2890.05
5931.0 42.221 32.283 617.89 2832.03
5931.5 36.544 32.985 614.03 2844.94
5932.0 38.369 33.298 604.34 2839.63
5932.5 36.533 32.558 606.23 2860.08
5933.0 43.760 31.524 612.23 2883.60
5933.5 41.502 31.158 613.55 2919.91
5934.0 38.521 31.321 614.63 2894.49
5934.5 33.051 31.611 623.67 2842.01
5935.0 36.842 31.389 622.25 2889.36
5935.5 36.263 31.897 616.41 2847.27
5936.0 35.891 31.730 618.93 2848.01
5936.5 40.185 31.854 609.51 2868.24
5937.0 36.154 31.730 622.90 2837.81
5937.5 35.208 30.666 636.75 2882.31
5938.0 35.162 30.202 638.29 2906.26
5938.5 37.073 29.675 656.63 2865.63
5939.0 40.143 28.942 655.64 2931.12
5939.5 40.815 29.333 636.10 2970.97
5940.0 37.694 28.819 644.22 2982.42
5940.5 39.459 28.500 -999.25 -999.25
5941.5 41.364 27.816 643.42 3034.73
5942.0 41.631 27.390 639.81 3075.06
5942.5 37.137 28.806 638.31 2969.63
5943.0 38.503 29.150 626.20 2985.49
5943.5 35.778 28.368 648.99 2986.59
5944.0 37.029 28.364 648.24 2992.62
T able  (con ’
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
n:
5944.5 36.634 28.956 640.28 2962.17
5945.0 39.112 29.591 645.91 2910.38
5945.5 39.986 30.744 631.93 2875.81
5946.0 37.478 30.786 628.11 2898.39
5946.5 38.104 30.845 625.37 2886.90
5947.0 38.702 31.514 617.29 2899.89
5947.5 40.082 32.756 612.32 2851.50
5948.0 36.613 32.448 618.53 2860.57
5948.5 41.252 32.318 612.70 2859.57
5949.0 44.854 31.847 621.10 2853.54
5949.5 45.415 31.574 621.94 2867.66
5950.0 40.963 31.530 620.21 2869.64
5950.5 39.408 30.570 637.34 2862.05
5951.0 39.333 30.129 635.22 2886.04
5951.5 39.397 31.119 626.22 2866.68
5952.0 36.022 31.438 623.86 2875.23
5952.5 33.044 31.168 619.50 2876.96
5953.0 37.735 30.670 625.74 2894.46
5953.5 41.303 31.020 620.94 2874.57
5954.0 35.737 30.340 634.45 2879.53
5954.5 35.922 30.805 634.34 2856.63
5955.0 35.331 30.144 636.13 2907.91
5955.5 33.973 28.680 651.57 2948.94
5956.0 37.560 29.851 636.38 2902.65
5956.5 40.404 31.435 627.26 2847.92
5957.0 35.646 30.801 636.81 2874.85
5957.5 34.658 30.032 621.31 2953.46
5958.0 39.908 29.789 623.28 2956.96
5958.5 41.391 29.816 627.00 2952.00
5959.0 36.953 29.820 -999.25 -999.25
5959.5 36.183 -999.25 -999.25 -999.25
5960.0 38.180 24.831 634.31 3072.68
5960.5 37.302 23.668 648.49 3118.16
5961.0 36.036 22.254 670.20 3165.79
5961.5 -999.25 24.023 653.81 3070.02
5962.0 33.280 24.723 635.17 3078.35
5962.5 32.867 24.509 644.91 3061.07
5963.0 33.440 25.177 635.67 3040.16
5963.5 29.967 26.782 612.88 2999.70
5964.0 35.527 29.325 603.35 2856.04
5964.5 35.482 30.579 603.13 2777.56
5965.0 34.084 32.197 585.36 2741.48
5965.5 34.920 33.876 572.37 2691.89
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5966.0 35.145 31.740 592.78 2742.86
5966.5 36.251 31.153 600.62 2751.34
5967.0 35.751 31.987 576.97 2783.92
5967.5 38.943 31.763 568.99 2827.96
5968.0 34.730 28.915 604.23 2880.14
5968.5 36.668 27.010 630.74 2920.14
5969.0 34.511 25.432 639.57 3006.78
5969.5 33.765 22.146 682.49 3134.73
5970.0 33.941 22.202 669.44 3173.09
5970.5 33.494 21.857 675.30 3184.30
5971.0 34.695 -999.25 -999.25 -999.25
5971.5 36.277 21.788 687.00 3152.00
5972.0 35.416 21.676 688.93 3155.87
5972.5 35.862 22.377 664.13 3175.77
5973.0 38.597 21.607 675.55 3206.46
5973.5 37.478 21.090 683.56 3227.66
5974.0 36.308 21.121 680.66 3234.66
5974.5 36.251 21.329 682.72 3207.97
5975.0 37.276 22.209 659.33 3208.13
5975.5 36.442 22.670 652.60 3190.68
5976.0 38.778 22.311 675.68 3142.35
5976.5 40.674 23.278 661.10 3107.39
5977.0 35.907 25.749 637.90 2988.28
5977.5 36.722 26.305 642.51 2932.06
5978.0 37.683 26.513 654.30 2880.87
5978.5 44.649 26.720 642.42 2902.84
5979.0 46.308 28.718 615.74 2852.91
5979.5 -999.25 30.355 598.79 2842.59
5980.0 -999.25 31.394 587.64 2833.25
5980.5 39.887 30.447 600.14 2833.81
5981.0 46.231 31.062 593.05 2826.75
5981.5 48.555 31.076 601.21 2797.02
5982.0 46.562 30.933 601.43 2809.31
5982.5 47.482 31.412 590.68 2812.62
5983.5 48.358 32.202 581.54 2762.61
5984.0 47.285 32.762 581.46 2730.27
5984.5 43.132 32.175 585.63 2726.54
5985.0 41.365 33.376 571.96 2717.51
5985.5 41.351 32.714 588.94 2697.42
5986.0 37.279 30.533 616.80 2742.61
5986.5 39.377 28.194 629.13 2840.70
5987.0 39.548 26.859 642.00 2892.00
5987.5 41.169 29.023 625.60 2814.63
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5988.0 39.276 27.940 627.78 2873.05
5988.5 39.533 28.249 619.71 2873.46
5989.0 42.442 29.000 622.34 2812.71
5989.5 41.371 28.925 624.62 2820.64
5990.0 40.366 29.015 624.60 2817.60
5990.5 39.819 30.007 607.00 2800.00
5991.0 41.792 27.770 632.68 2868.55
5991.5 42.303 28.330 625.20 2856.02
5992.0 -999.25 28.388 626.25 2865.78
5992.5 41.350 24.502 649.29 3050.31
5993.0 41.493 24.159 650.77 3049.92
5993.5 44.624 25.330 638.22 3016.64
5994.0 40.657 22.380 672.87 3135.83
5994.5 36.515 21.155 693.15 3161.66
5995.0 39.538 22.254 665.34 3151.29
5995.5 38.215 24.649 623.25 3090.48
5996.0 34.531 25.668 638.56 2971.55
5996.5 34.437 28.364 587.59 2931.39
5997.0 33.767 28.379 602.36 2884.84
5997.5 36.246 27.885 617.69 2881.24
5998.0 32.154 27.494 613.16 2924.03
5998.5 33.435 24.790 612.40 3131.28
5999.0 36.066 22.521 654.29 3153.30
5999.5 36.136 23.241 649.31 3121.94
6000.0 35.515 22.567 650.17 3158.42
6000.5 32.349 22.947 661.67 3088.83
6001.0 34.859 24.391 638.88 3052.07
6001.5 31.467 27.814 620.73 2842.55
6002.0 31.742 27.563 632.39 2832.04
6002.5 33.060 -999.25 -999.25 -999.25
6003.0 29.642 -999.25 -999.25 -999.25
6003.5 31.247 29.792 599.00 2808.00
6004.0 34.302 30.133 602.50 2794.00
6004.5 35.796 30.556 588.16 2800.80
6005.0 34.151 30.632 593.59 2794.47
6005.5 37.606 32.082 590.70 2695.45
6006.0 34.816 29.247 614.76 2786.44
6006.5 37.821 29.637 602.06 2795.02
6007.0 33.569 30.724 590.13 2783.94
6007.5 33.142 30.881 596.58 2781.92
6008.0 31.790 30.608 609.28 2793.22
6008.5 34.855 34.129 591.00 2680.00
6009.0 40.128 31.704 600.49 2805.25
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6009.5 46.866 29.873 617.33 2836.81
6010.0 51.637 30.161 611.02 2828.54
6010.5 54.964 31.012 602.97 2816.02
6011.0 51.303 31.403 599.93 2839.39
6011.5 49.211 -999.25 -999.25 -999.25
6012.0 51.232 -999.25 -999.25 -999.25
6012.5 57.057 27.369 614.83 2942.63
6013.0 50.241 29.432 592.63 2888.88
6013.5 44.268 28.213 613.49 2883.04
6014.0 38.829 29.456 592.05 2877.07
6014.5 40.180 28.926 597.34 2895.13
6015.0 37.873 26.553 622.98 2964.12
6015.5 38.144 25.459 635.07 3014.56
6016.0 38.467 24.743 641.16 3030.38
6016.5 37.263 29.052 591.11 2874.73
6017.0 39.002 30.196 577.43 2880.49
6017.5 35.591 29.808 582.88 2906.66
6018.0 32.677 28.870 593.77 2909.36
6018.5 37.691 28.486 591.88 2953.36
6019.0 41.055 28.074 600.99 2940.19
6019.5 38.019 28.792 599.30 2864.78
6020.0 39.618 28.252 595.09 2928.10
6020.5 38.399 26.636 627.99 2933.63
6021.0 32.916 26.758 611.09 2974.75
6021.5 34.893 25.455 623.42 3057.02
6022.0 35.915 24.074 640.22 3113.62
6022.5 34.477 25.086 622.47 3096.18
6023.0 39.063 25.877 619.42 3051.55
6023.5 -999.25 26.202 616.58 2998.12
6024.0 -999.25 27.624 595.55 2959.34
6024.5 41.142 27.193 592.67 3008.98
6025.0 34.728 28.096 595.86 2962.14
6025.5 32.979 28.775 589.19 2925.55
6026.0 34.086 30.684 566.97 2884.44
6026.5 39.056 30.899 571.14 2854.44
6027.0 36.796 32.826 555.73 2794.72
6027.5 36.863 32.928 553.79 2827.46
6028.0 36.939 31.527 576.92 2852.84
6028.5 36.829 31.262 573.64 2890.63
6029.0 41.429 30.380 583.03 2884.71
6029.5 46.344 31.116 568.76 2893.58
6030.0 47.393 28.809 591.10 2902.55
6030.5 43.623 28.565 597.41 2901.21
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6031.0 43.475 30.382 575.95 2889.00
6031.5 34.592 29.289 585.48 2893.08
6032.0 35.428 29.923 570.31 2908.71
6032.5 -999.25 30.199 571.13 2894.28
6033.0 34.956 29.808 588.27 2882.99
6033.5 34.912 29.279 592.52 2880.00
6034.0 36.030 -999.25 -999.25 -999.25
6034.5 40.616 28.763 583.00 2936.00
6035.0 36.971 29.360 575.60 2936.00
6035.5 35.290 29.648 565.32 2961.11
6036.0 34.555 28.594 575.28 3001.11
6036.5 36.436 27.344 591.69 3019.97
6037.0 36.800 28.711 573.91 2993.57
6037.5 37.804 27.531 588.66 2995.66
6038.0 36.911 27.428 589.90 2998.83
6038.5 37.116 29.219 572.59 2954.31
6039.0 33.499 31.410 562.22 2838.15
6039.5 33.558 31.801 561.73 2811.82
6040.0 35.875 31.974 557.51 2829.40
6040.5 34.051 31.304 563.31 2831.27
6041.0 33.438 31.034 563.95 2833.90
6041.5 35.262 31.317 570.32 2845.12
6042.0 32.585 -999.25 -999.25 -999.25
6042.5 30.687 -999.25 -999.25 -999.25
6043.0 39.140 -999.25 -999.25 -999.25
6043.5 36.934 -999.25 -999.25 -999.25
6044.0 35.103 -999.25 -999.25 -999.25
6044.5 39.247 -999.25 -999.25 -999.25
6045.0 40.432 -999.25 -999.25 -999.25
6045.5 43.891 -999.25 -999.25 -999.25
6046.0 48.010 -999.25 -999.25 -999.25
6046.5 46.206 -999.25 -999.25 -999.25
6047.0 53.919 35.022 546.64 2805.21
6047.5 56.927 34.388 548.58 2834.45
6048.0 53.464 33.665 555.31 2880.99
6048.5 51.386 33.181 558.88 2890.37
6049.0 51.438 33.385 564.61 2856.79
6049.5 55.759 32.293 580.00 2817.80
6050.0 55.215 31.580 583.96 2789.12
6050.5 55.984 32.059 579.39 2792.79
6051.0 50.149 33.330 579.59 2766.94
6051.5 41.032 32.129 584.04 2780.98
6052.0 43.634 33.007 572.79 2782.49
Table (con’d.)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
6052.5 51.624 32.455 580.01 2762.18
6053.0 45.215 32.332 569.03 2787.37
6053.5 46.966 33.633 551.12 2786.32
6054.0 42.858 33.621 561.88 2738.59
6054.5 39.105 33.463 561.63 2760.37
6055.0 -999.25 32.295 576.72 2777.52
6055.5 39.046 32.930 564.98 2789.38
6056.0 40.907 33.555 543.91 2840.00
6056.5 41.827 30.862 570.27 2874.88
6057.0 42.579 27.287 591.00 3048.00
6057.5 42.568 25.214 613.24 3130.59
6058.0 39.186 26.954 597.06 3067.76
6058.5 40.002 29.705 575.86 2931.82
6059.0 41.271 29.139 582.43 2955.89
6059.5 42.813 27.362 616.76 2954.04
6060.0 39.523 28.537 587.68 2983.33
6060.5 41.253 27.577 592.87 3024.77
6061.0 41.854 25.574 621.80 3070.38
6061.5 42.142 26.646 591.46 3096.29
6062.0 40.965 29.436 584.61 2918.31
6062.5 41.756 30.232 593.75 2831.51
6063.0 -999.25 31.690 584.43 2774.68
6063.5 -999.25 29.868 601.70 2826.77
6064.0 -999.25 28.923 611.00 2856.00
6064.5 -999.25 31.696 567.00 2840.00
6065.0 -999.25 31.161 575.59 2840.00
6065.5 -999.25 30.717 583.00 2840.00
6066.0 -999.25 30.909 591.00 2800.00
6066.5 -999.25 30.876 591.00 2800.00
6067.0 -999.25 29.524 591.00 2912.00
6067.5 40.185 29.185 591.00 2912.00
6068.0 39.837 31.679 567.00 2856.00
6068.5 43.831 31.732 567.00 2856.00
6069.0 40.215 31.849 567.00 2856.00
6069.5 42.238 32.094 555.00 2904.00
6070.0 42.736 32.063 555.00 2904.00
6070.5 43.829 29.167 587.00 2968.00
6071.0 45.462 28.061 593.10 3015.51
6071.5 45.195 25.372 615.26 3130.71
6072.0 46.086 26.281 611.76 3063.63
6072.5 45.037 27.263 596.06 3040.89
6073.0 44.467 28.431 590.13 2938.25
6073.5 43.323 30.082 588.20 2870.20
T able (co n ’
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
6074.0 41.762 31.532 575.00 2824.00
6074.5 35.554 31.216 572.24 2824.00
6075.0 41.415 31.770 571.00 2824.00
6075.5 40.781 33.585 544.00 2864.00
6076.0 35.968 33.635 544.00 2864.00
6076.5 40.678 30.841 599.00 2800.00
6077.0 46.066 31.628 572.61 2817.60
6077.5 46.474 33.087 551.00 2828.58
6078.0 44.320 32.986 553.19 2821.10
6078.5 39.260 30.650 575.15 2868.70
6079.0 41.291 29.010 595.84 2875.51
6079.5 40.662 28.795 581.49 2928.03
6080.0 39.096 29.055 586.47 2896.16
6080.5 35.201 29.571 591.00 2872.00
6081.0 32.736 31.311 563.00 2904.00
6081.5 33.484 30.732 563.00 2904.00
6082.0 37.936 29.242 599.00 2864.00
6082.5 43.286 28.974 599.00 2864.00
6083.0 37.822 -999.25 -999.25 -999.25
6083.5 37.788 31.820 575.00 2792.00
6084.0 34.725 32.206 575.00 2792.00
6084.5 32.839 29.540 583.00 2904.00
6085.0 38.480 29.722 583.76 2900.95
6085.5 42.260 30.217 590.05 2859.67
6086.0 37.898 31.441 575.49 2837.22
6086.5 39.809 31.285 558.90 2901.31
6087.0 42.260 32.372 558.76 2832.50
6087.5 42.260 34.283 547.55 2771.96
6088.0 40.185 34.585 543.56 2771.18
6088.5 40.185 33.205 561.93 2797.95
6089.0 41.308 32.751 570.19 2792.10
6089.5 41.308 -999.25 -999.25 -999.25
6090.0 44.505 -999.25 -999.25 -999.25
6090.5 44.505 32.809 559.00 2800.00
6091.0 44.505 32.493 571.82 2761.83
6091.5 40.271 31.689 592.53 2761.83
6092.0 39.463 35.578 545.80 2724.95
6092.5 38.195 34.891 537.62 2728.54
6093.0 42.688 33.191 555.39 2768.77
6093.5 44.090 31.409 575.00 2808.00
6094.0 33.961 27.781 627.00 2880.00
6094.5 35.950 27.830 627.00 2880.00
6095.0 36.988 29.847 576.29 2940.40
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6095.5 40.185 30.010 582.17 2908.67
6096.0 40.801 28.157 603.45 2957.45
6096.5 42.473 27.735 627.24 2910.91
6097.0 42.995 27.398 632.56 2934.52
6097.5 43.608 27.165 653.00 2921.71
6098.0 45.331 -999.25 -999.25 -999.25
6098.5 48.541 28.382 635.00 2984.00
6099.0 55.771 28.724 635.00 2984.00
6099.5 64.417 -999.25 -999.25 -999.25
6100.0 69.306 30.569 627.00 2944.00
6100.5 72.939 30.749 627.00 2944.00
6101.0 79.376 33.182 619.00 2840.00
6101.5 80.758 33.514 619.00 2840.00
6102.0 82.445 32.950 616.37 2887.30
6102.5 84.990 34.248 597.39 2889.15
6103.0 87.802 37.377 578.27 2798.92
6103.5 87.802 32.765 568.57 2768.91
6104.0 86.850 -999.25 -999.25 -999.25
6104.5 86.850 -999.25 -999.25 -999.25
6105.0 -999.25 -999.25 -999.25 -999.25
6105.5 79.376 -999.25 -999.25 -999.25
6106.0 84.457 39.394 579.00 2624.00
6106.5 85.275 40.398 579.67 2642.76
6107.0 78.718 38.488 578.78 2708.75
6107.5 78.402 37.044 604.34 2669.31
6108.0 88.177 36.841 607.00 2664.00
6108.5 83.543 35.164 619.00 2688.00
6109.0 83.024 32.162 599.08 2697.96
6109.5 82.234 33.284 583.86 2685.13
6110.0 79.353 37.966 583.00 2680.00
6110.5 -999.25 36.911 587.00 2712.00
6111.0 -999.25 38.443 582.21 2678.45
6111.5 78.555 41.368 571.00 2600.00
6112.0 77.660 39.146 583.00 2696.00
6112.5 81.278 38.677 583.00 2696.00
6113.0 83.440 40.679 575.00 2632.00
6113.5 88.893 41.174 575.00 2632.00
6114.0 85.732 40.551 575.00 2632.00
6114.5 85.738 44.473 531.00 2608.00
6115.0 88.882 45.011 531.00 2608.00
6115.5 84.909 41.499 544.42 2695.22
6116.0 78.311 42.565 549.31 2675.02
6116.5 81.143 44.030 555.00 2584.00
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6117.0 79.977 43.096 555.00 2610.16
6117.5 86.701 36.488 555.00 2616.00
6118.0 87.589 40.730 559.00 2680.00
6118.5 85.515 40.730 559.00 2680.00
6119.0 -999.25 -999.25 -999.25 -999.25
6119.5 82.445 39.960 575.00 2720.00
6120.0 82.445 39.960 575.00 2720.00
6285.0 73.749 40.341 571.00 2680.00
6285.5 71.352 41.061 575.00 2632.00
6286.0 76.136 40.419 575.00 2632.00
6286.5 87.316 41.597 572.12 2632.00
6287.0 88.173 40.861 568.14 2623.41
6287.5 84.043 43.975 547.00 2560.00
6288.0 89.749 42.808 543.89 2659.49
6288.5 81.605 44.378 540.70 2688.00
6289.0 79.393 45.839 541.10 2646.05
6289.5 82.996 47.847 522.55 2616.39
6290.0 92.416 46.794 530.41 2628.50
6290.5 95.506 43.759 549.24 2640.75
6291.0 90.543 41.287 556.02 2659.21
6291.5 91.738 44.393 550.74 2598.35
6292.0 89.314 44.202 544.56 2630.86
6292.5 81.494 -999.25 -999.25 -999.25
6293.0 88.734 -999.25 -999.25 -999.25
6293.5 87.719 42.599 559.00 2536.00
6294.0 80.151 42.307 559.00 2536.00
6294.5 77.259 40.915 564.22 2638.38
6295.0 75.073 42.201 549.23 2625.60
6295.5 73.194 39.915 561.33 2606.45
6296.0 81.536 39.705 555.45 2630.53
6296.5 78.697 41.626 541.19 2595.59
6297.0 68.790 40.958 541.79 2625.96
6297.5 67.193 43.017 543.57 2543.87
6298.0 66.395 41.172 544.22 2567.64
6298.5 66.567 41.856 535.62 2602.82
6299.0 69.443 40.839 558.79 2588.08
6299.5 61.358 41.515 559.00 2584.19
6300.0 65.421 41.956 559.00 2576.00
6300.5 70.914 43.153 559.00 2576.00
6301.0 74.933 42.636 559.00 2576.00
6301.5 76.621 41.223 559.00 2576.00
6302.0 83.955 35.747 569.63 2746.12
6302.5 80.846 34.654 571.00 2768.00
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6303.0 71.873 38.679 571.00 2664.00
6303.5 62.951 38.679 571.00 2664.00
6304.0 58.076 22.179 787.00 2952.00
6304.5 74.147 22.179 787.00 2952.00
6305.0 74.147 16.043 947.00 3160.00
6305.5 63.475 15.845 947.67 3178.83
6306.0 63.475 15.208 940.97 3267.44
6306.5 59.241 16.699 873.03 3236.56
6307.0 59.241 20.070 770.88 3139.88
6307.5 62.310 20.211 764.11 3124.60
6308.0 59.481 20.466 765.81 3122.39
6308.5 56.054 21.383 721.98 3142.63
6309.0 51.368 23.925 698.71 2995.20
6309.5 57.158 23.674 706.69 2970.92
6310.0 52.342 22.916 726.17 2978.21
6310.5 51.410 23.209 714.17 3007.88
6311.0 46.972 23.821 693.28 3037.43
6311.5 47.156 24.008 683.80 3054.40
6312.0 51.629 23.362 704.73 2969.08
6312.5 54.854 23.674 700.58 2956.22
6313.0 55.134 24.238 694.08 2992.48
6313.5 -999.25 23.969 699.83 2999.53
6314.0 -999.25 27.136 631.00 2992.00
6314.5 52.974 26.234 635.77 2989.46
6315.0 53.667 24.791 688.91 2965.00
6315.5 54.012 25.240 672.46 3001.02
6316.0 45.314 25.720 657.81 2986.42
6316.5 52.814 25.351 669.51 2981.17
6317.0 56.270 25.680 673.78 2946.72
6317.5 51.348 26.073 659.37 2937.50
6318.0 52.379 25.437 655.94 3008.92
6318.5 53.081 23.777 667.80 3128.00
6319.0 48.077 25.647 623.95 3108.52
6319.5 50.384 26.253 627.00 3048.00
6320.0 54.940 26.763 619.00 3040.00
6320.5 49.819 28.738 624.17 2993.50
6321.0 49.819 29.532 615.92 2941.05
6321.5 49.819 29.134 608.08 2937.55
6322.0 67.880 -999.25 -999.25 -999.25
6322.5 63.437 31.550 595.00 2864.00
6323.0 54.011 32.392 600.99 2836.05
6323.5 57.114 33.548 618.56 2752.88
6324.0 59.198 34.235 608.46 2770.06
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6324.5 66.528 36.838 573.27 2811.01
6325.0 75.056 36.818 576.13 2819.66
6325.5 77.597 38.733 560.41 2788.44
6326.0 81.578 40.421 543.54 2748.05
6326.5 84.194 41.035 547.00 2672.00
6327.0 83.603 41.941 535.30 2660.30
6327.5 79.100 43.217 532.90 2606.60
6328.0 76.051 41.946 551.08 2580.17
6328.5 72.939 40.323 559.23 2633.02
6329.0 72.356 42.127 541.08 2596.61
6329.5 72.325 46.777 509.84 2590.19
6330.0 73.976 45.933 534.59 2548.30
6330.5 69.589 37.762 563.29 2703.05
6331.0 75.144 32.810 585.03 2843.58
6331.5 81.135 35.620 583.75 2732.30
6332.0 68.294 34.974 587.08 2740.35
6332.5 61.656 32.027 615.90 2793.68
6333.0 68.537 28.389 641.82 2927.47
6333.5 66.457 28.880 647.35 2903.57
6334.0 65.624 27.980 653.15 2936.59
6334.5 64.713 28.089 649.02 2941.61
6335.0 69.699 28.698 637.54 2934.73
6335.5 68.375 27.022 664.68 2921.16
6336.0 67.953 30.872 618.47 2865.77
6336.5 66.743 31.686 603.89 2872.87
6337.0 60.930 31.114 624.73 2825.67
6337.5 67.156 31.540 635.00 2800.00
6338.0 67.152 32.726 631.00 2736.00
6338.5 67.061 32.919 631.00 2736.00
6339.0 73.407 33.952 611.00 2760.00
6339.5 72.048 33.994 611.00 2760.00
6340.0 73.932 34.980 603.18 2745.79
6340.5 75.180 35.454 588.74 2731.43
6341.0 75.550 36.174 586.55 2729.04
6341.5 77.083 35.758 587.00 2720.00
6342.0 70.094 35.102 595.02 2723.56
6342.5 74.149 33.927 620.08 2733.50
6343.0 69.827 36.474 595.00 2712.00
6343.5 69.827 36.205 589.54 2730.81
6344.0 76.342 31.393 629.81 2803.94
6344.5 79.177 32.071 619.94 2791.40
6345.0 76.450 32.038 611.88 2780.88
6345.5 69.424 33.558 607.00 2776.00
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6346.0 68.131 32.712 616.53 2839.53
6346.5 61.201 32.041 619.00 2856.00
6347.0 71.706 32.382 627.00 2808.00
6347.5 79.337 32.061 629.02 2806.66
6348.0 77.160 31.413 636.53 2821.41
6348.5 78.001 30.903 621.07 2845.04
6349.0 75.972 33.203 605.84 2789.68
6349.5 76.541 34.307 596.55 2790.45
6350.0 65.805 34.643 582.33 2819.31
6350.5 69.900 30.549 614.94 2923.01
6351.0 73.913 31.898 607.27 2828.03
6351.5 71.945 30.485 628.65 2815.17
6352.0 70.315 31.648 616.67 2801.67
6352.5 64.538 30.935 630.85 2854.57
6353.0 61.117 30.254 643.58 2853.13
6353.5 63.638 32.940 625.39 2783.18
6354.0 73.566 34.708 605.36 2777.92
6354.5 74.078 34.179 615.20 2732.16
6355.0 78.381 33.869 612.25 2729.00
6355.5 80.785 36.481 600.37 2703.32
6356.0 75.426 37.011 573.46 2751.55
6356.5 70.339 37.702 565.17 2709.15
6357.0 81.237 36.410 588.56 2689.39
6357.5 75.514 38.077 578.12 2655.67
6358.0 69.827 35.798 599.95 2687.24
6358.5 71.461 36.935 581.47 2702.54
6359.0 72.939 37.552 587.20 2689.87
6359.5 73.056 36.157 599.27 2738.51
6360.0 73.152 38.565 571.66 2720.47
6360.5 79.461 32.924 578.60 l_ 2723.27
6361.0 83.059 34.290 630.14 2798.73
6361.5 81.245 33.638 625.50 2782.40
6362.0 -999.25 33.414 610.83 2828.50
6362.5 95.319 32.466 613.87 2887.30
6363.0 84.602 -999.25 -999.25 -999.25
6363.5 80.412 34.845 607.00 2736.00
6364.0 82.185 35.022 592.66 2781.07
6364.5 87.433 33.808 594.00 2794.00
6365.0 76.809 33.376 609.33 2758.17
6365.5 76.051 33.383 603.67 2781.52
6366.0 68.662 32.191 600.20 2839.46
6366.5 68.719 30.622 610.93 2860.45
6367.0 68.960 24.294 654.95 3108.04
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6367.5 64.702 24.469 645.19 3099.85
6368.0 59.241 24.860 646.16 3075.20
6368.5 51.064 25.784 631.97 3045.55
6369.0 46.190 26.263 634.12 2986.02
6369.5 47.993 28.088 611.85 2940.91
6370.0 46.618 28.252 606.70 2940.16
6370.5 44.102 28.046 615.41 2911.44
6371.0 45.272 28.982 599.25 2928.44
6371.5 43.894 29.587 599.40 2919.05
6372.0 42.010 29.239 607.27 2910.69
6372.5 45.618 28.839 603.11 2903.49
6373.0 50.679 28.428 608.51 2912.72
6373.5 50.462 28.856 608.74 2924.31
6374.0 42.380 27.892 605.31 2935.45
6374.5 42.509 27.358 620.43 2943.18
6375.0 49.358 27.966 613.02 2923.48
6375.5 38.111 26.974 613.40 2996.87
6376.0 42.179 27.084 606.11 3017.43
6376.5 41.655 27.489 605.22 2995.56
6377.0 42.168 27.891 599.00 3008.00
6377.5 42.286 28.654 596.70 2962.04
6378.0 43.049 29.283 595.00 2928.00
6378.5 45.672 28.932 595.00 2928.00
6379.0 45.697 31.145 575.00 2872.00
6379.5 46.188 31.163 575.00 2872.00
6380.0 42.422 31.992 563.00 2872.00
6380.5 44.378 31.634 563.00 2872.00
6381.0 44.550 31.322 565.00 2892.00
6381.5 45.016 30.701 567.00 2912.00
6382.0 41.726 30.279 567.00 2912.00
6382.5 42.905 28.460 599.00 2912.00
6383.0 41.106 28.399 599.00 2912.00
6383.5 36.988 24.313 651.00 3024.00
6384.0 36.988 23.770 658.99 3086.85
6384.5 36.284 22.493 663.68 3152.44
6385.0 34.120 25.963 647.97 2941.25
6385.5 42.422 27.983 643.00 2832.00
6386.0 37.456 29.929 621.36 2864.00
6386.5 40.351 30.843 619.53 2875.03
6387.0 43.277 30.148 619.00 2896.00
6387.5 58.912 30.471 635.00 2832.00
6388.0 68.921 29.869 634.79 2875.40
6388.5 64.833 29.888 621.59 2943.83
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6389.0 67.670 31.363 616.76 2878.12
6389.5 68.277 31.237 616.77 2862.26
6390.0 70.872 31.555 612.54 2878.26
6390.5 72.711 32.309 619.21 2799.10
6391.0 69.159 32.119 621.28 2808.41
6391.5 71.960 31.626 622.70 2834.38
6392.0 71.210 30.862 621.48 2873.92
6392.5 72.116 30.049 629.83 2873.91
6393.0 72.269 32.235 621.87 2810.43
6393.5 70.125 39.204 552.63 2767.69
6394.0 66.926 38.503 570.91 2718.67
6394.5 73.886 37.292 589.07 2696.00
6395.0 79.474 37.375 576.86 2736.57
6395.5 80.146 36.426 582.48 2750.82
6396.0 79.527 34.226 599.75 2733.50
6396.5 78.227 33.202 611.00 2723.40
6397.0 76.594 30.493 646.93 2790.27
6397.5 66.676 31.216 620.60 2840.40
6398.0 62.395 30.956 601.49 2848.00
6398.5 67.923 27.274 651.00 2916.00
6399.0 67.923 25.723 668.77 2969.35
6399.5 54.921 26.482 653.93 2940.17
6400.0 54.921 29.504 607.00 2896.00
6400.5 54.921 30.004 596.63 2813.06
6401.0 50.814 30.496 586.74 2816.52
6401.5 50.814 31.861 576.91 2840.00
6402.0 36.036 30.984 591.00 2840.00
6402.5 36.036 30.250 597.05 2864.16
6403.0 47.575 30.634 594.31 2859.92
6403.5 47.575 31.573 591.00 2840.00
6404.0 47.575 -999.25 -999.25 -999.25
6404.5 49.193 32.970 559.00 2840.00
6405.0 53.383 30.976 592.75 2835.30
6405.5 55.118 30.599 594.56 2878.18
6406.0 46.750 30.497 603.60 2849.80
6406.5 47.807 29.842 615.00 2820.17
6407.0 51.823 27.722 615.00 2964.83
6407.5 51.815 25.919 633.25 3049.04
6408.0 46.622 24.493 645.54 3124.33
6408.5 46.825 23.745 647.90 3186.59
6409.0 49.652 26.536 643.00 2968.00
6409.5 50.671 26.594 636.01 2983.97
6410.0 51.749 26.655 620.15 3021.69
Table (con’d.)
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6410.5 49.875 25.817 647.00 2968.00
6411.0 49.111 26.103 648.95 2975.80
6411.5 46.394 25.618 651.00 2984.00
6412.0 42.754 25.897 _j 647.79 3000.07
6412.5 49.208 25.647 643.00 3024.00
6413.0 45.393 26.458 640.51 3024.00
6413.5 50.050 25.965 647.33 3048.05
6414.0 47.953 23.347 673.30 3122.33
6414.5 56.736 23.997 660.95 3134.83
6415.0 58.611 24.372 656.98 3124.22
6415.5 51.076 24.909 651.76 3042.64
6416.0 54.985 _ j 25.476 651.00 3032.00
6416.5 55.978 -999.25 -999.25 -999.25
6417.0 46.525 25.967 643.00 3032.00
6417.5 51.914 28.445 629.36 2938.46
6418.0 62.682 30.465 615.00 2840.00
6418.5 53.425 -999.25 -999.25 -999.25
6419.0 59.556 34.025 591.00 2792.00
6419.5 56.799 32.896 602.73 2773.23
6420.0 67.073 30.719 613.93 2774.64
6420.5 68.396 34.020 608.00 2725.22
6421.0 62.657 36.344 595.44 2664.00
6421.5 47.575 37.152 583.00 2664.00
6422.0 68.524 34.393 611.30 2676.58
6422.5 71.199 33.749 619.00 2680.00
6423.0 70.113 29.501 607.00 2832.00
6423.5 65.844 31.306 607.00 2832.00
6424.0 64.990 29.790 615.00 2896.00
6424.5 -999.25 29.654 615.00 2896.00
6425.0 59.241 32.311 595.00 2832.00
6425.5 58.706 32.067 595.00 2832.00
6426.0 57.274 31.257 613.00 2802.00
6426.5 61.551 30.700 619.00 2792.00
6427.0 59.283 29.917 619.00 2872.00
6427.5 57.507 30.346 619.00 2872.00
6428.0 53.556 24.414 671.00 2984.00
6428.5 58.655 25.292 671.00 2984.00
6429.0 63.135 26.099 643.00 3080.00
6429.5 -999.25 26.569 643.57 3074.32
6430.0 52.974 26.921 647.00 3040.00
6430.5 62.571 25.468 660.29 3042.66
6431.0 67.602 24.233 687.00 3048.00
6431.5 68.662 26.153 667.15 3034.77
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6432.0 59.241 27.867 639.00 3016.00
6432.5 59.241 29.992 639.00 2964.94
6433.0 70.864 30.865 639.00 2896.00
6433.5 70.864 29.076 643.40 2953.19
6434.0 85.430 28.581 647.00 3000.00
6434.5 84.068 30.414 640.29 2926.17
6435.0 77.190 30.486 637.80 2880.85
6435.5 81.042 31.806 635.00 2808.00
6436.0 84.849 32.467 635.00 2808.00
6615.0 73.909 36.810 589.15 2771.99
6615.5 77.689 40.330 577.51 2644.71
6616.0 85.813 41.424 563.42 2640.54
6616.5 86.225 42.313 547.00 2664.00
6617.0 86.680 42.606 547.00 2680.56
6617.5 84.497 43.371 545.47 2675.02
6618.0 82.616 47.355 531.00 2552.00
6618.5 86.143 43.351 555.90 2593.94
6619.0 88.755 41.315 576.55 2602.15
6619.5 86.555 42.173 566.44 2611.04
6620.0 85.515 43.681 548.50 2645.40
6620.5 86.765 46.811 542.98 2632.20
6621.0 87.135 46.886 550.04 2561.62
6621.5 88.967 44.728 545.70 2587.23
6622.0 99.820 45.933 529.67 ^  2603.99
6622.5 96.907 38.436 529.52 2614.63
6623.0 86.162 37.410 552.94 2577.79
6623.5 84.563 38.811 548.31 2527.86
6624.0 -999.25 48.212 515.00 2576.00
6624.5 -999.25 46.973 526.16 2571.53
6625.0 -999.25 45.079 551.18 2574.43
6625.5 83.483 46.343 533.78 2638.39
6626.0 83.955 34.798 547.00 2736.00
6626.5 89.839 42.243 539.80 2714.39
6627.0 92.675 43.643 531.80 2683.19
6627.5 -999.25 44.463 526.43 2654.86
6628.0 83.483 42.392 532.49 2699.94
6628.5 82.764 39.919 549.66 2734.69
6629.0 80.711 42.383 548.69 2670.39
6629.5 78.296 40.106 567.70 2687.65
6630.0 78.296 38.877 574.47 2762.19
6630.5 84.776 38.914 589.81 2685.04
6631.0 84.776 33.723 583.60 2662.08
6631.5 90.047 46.013 535.64 2691.82
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6632.0 90.047 43.921 542.91 2731.26
6632.5 -999.25 43.021 550.13 2706.37
6633.0 97.522 49.651 511.89 2546.77
6633.5 95.792 51.100 493.96 2558.23
6634.0 93.074 48.978 496.48 2570.69
6634.5 84.941 46.814 497.36 2588.33
6635.0 81.280 -999.25 -999.25 -999.25
6635.5 75.113 37.886 527.00 2624.00
6636.0 67.548 37.646 527.00 2624.00
6636.5 49.551 38.644 527.00 2624.00
6637.0 35.709 38.811 534.48 2589.01
6637.5 33.834 38.181 533.02 2627.58
6638.0 41.436 37.987 531.05 2641.04
6638.5 41.858 33.008 564.12 2782.19
6639.0 42.174 30.204 583.00 2864.00
6639.5 41.543 28.889 599.00 2912.00
6640.0 41.664 28.680 599.00 2912.00
6640.5 38.540 26.600 615.35 3016.63
6641.0 41.831 26.030 619.00 3040.00
6641.5 39.494 22.583 639.00 3240.00
6642.0 42.016 22.588 639.00 3240.00
6642.5 40.949 26.588 614.08 3032.12
6643.0 38.342 27.774 620.12 2940.93
6643.5 38.417 27.668 622.12 2953.38
6644.0 43.543 27.729 606.60 2997.02
6644.5 46.622 25.967 638.70 2983.33
6645.0 48.654 28.496 618.89 2883.92
6645.5 46.839 29.333 608.52 2872.06
6646.0 42.526 28.685 623.29 2867.08
6646.5 44.683 28.261 632.60 2917.24
6647.0 45.952 29.029 624.48 2927.56
6647.5 46.622 27.019 659.22 2947.29
6648.0 55.958 25.847 668.44 3031.83
6648.5 61.296 25.468 672.19 3085.09
6649.0 62.241 25.711 670.14 3060.23
6649.5 67.300 27.165 653.05 2996.89
6650.0 73.308 30.398 628.62 2931.61
6650.5 71.212 28.954 618.77 2983.02
6651.0 68.518 29.523 611.00 2956.06
6651.5 78.381 31.270 612.43 2875.70
6652.0 65.344 32.580 610.41 2787.27
6652.5 62.547 32.357 588.56 2833.76
6653.0 68.838 32.526 574.35 2870.53
T able (con ’i
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6653.5 66.571 32.498 583.50 2785.00
6654.0 58.326 31.939 587.00 2792.00
6654.5 56.438 29.945 587.00 2874.94
6655.0 49.102 29.299 612.80 2869.23
6655.5 46.941 28.225 629.05 2902.77
6656.0 -999.25 29.166 601.17 2917.34
6656.5 47.699 28.556 611.86 2909.88
6657.0 50.922 27.968 619.09 2966.30
6657.5 47.036 27.802 633.23 2963.87
6658.0 45.542 26.286 647.07 3006.59
6658.5 52.360 26.456 641.02 3011.29
6659.0 58.656 27.093 636.55 3006.72
6659.5 55.743 27.317 631.07 3007.02
6660.0 54.964 28.902 598.64 3007.82
6660.5 59.198 27.873 621.71 2986.92
6661.0 58.531 28.728 607.03 2962.92
6661.5 56.086 29.755 603.24 2911.34
6662.0 56.086 32.354 ^ 583.15 2848.30
6662.5 52.889 31.513 598.59 2830.74
6663.0 53.572 31.761 593.34 2821.32
6663.5 57.132 32.968 590.83 2764.11
6664.0 55.969 30.847 612.51 2828.38
6664.5 53.729 29.397 614.08 2890.03
6665.0 54.647 29.987 609.37 2877.74
6665.5 57.351 30.303 612.07 2873.60
6666.0 53.000 30.002 613.50 2889.69
6666.5 54.469 28.503 615.76 2960.05
6667.0 58.736 28.326 616.20 2929.24
6667.5 59.020 28.496 610.04 2946.94
6668.0 55.322 29.267 595.41 2953.07
6668.5 48.734 31.014 587.43 2869.75
6669.0 49.746 28.890 616.66 2892.93
6669.5 50.046 29.782 595.31 2877.82
6670.0 50.317 29.036 598.47 2901.95
6670.5 49.422 27.124 614.10 2945.59
6671.0 43.774 27.276 618.73 2956.15
6671.5 41.504 -999.25 -999.25 -999.25
6672.0 35.866 26.817 639.00 2896.00
6672.5 42.358 27.076 639.00 2896.00
6673.0 36.843 26.308 629.42 2982.22
6673.5 37.913 25.873 623.00 3040.00
6674.0 41.369 -999.25 -999.25 -999.25
6674.5 41.161 26.285 625.86 2982.59
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6675.0 41.392 26.637 631.96 2949.86
6675.5 43.797 25.710 636.41 3014.59
6676.0 38.769 24.586 636.50 3077.81
6676.5 41.276 23.998 643.72 3112.50
6677.0 43.180 24.531 628.89 3133.13
6677.5 38.836 23.918 645.37 3089.25
6678.0 40.864 25.584 651.76 2972.55
6678.5 42.452 26.551 633.91 2979.95
6679.0 36.741 25.489 650.58 3040.17
6679.5 43.274 25.613 664.38 3034.22
6680.0 46.610 27.208 649.74 3027.04
6680.5 53.199 28.662 640.70 3016.85
6681.0 62.218 30.002 628.14 2943.84
6681.5 71.670 28.356 651.59 2945.02
6682.0 80.424 34.287 595.01 2795.81
6682.5 75.976 38.715 565.42 2700.65
6683.0 73.091 38.164 573.40 2691.60
6683.5 73.565 38.790 580.00 2678.40
6684.0 75.931 39.975 566.21 2692.74
6684.5 75.752 40.452 560.65 2669.78
6685.0 82.352 41.541 564.70 2613.40
6685.5 83.675 41.717 568.63 2579.25
6686.0 80.459 41.700 552.73 2556.36
6686.5 82.503 43.892 524.26 2576.44
6687.0 81.393 43.825 524.96 2581.52
6687.5 68.393 41.678 532.17 2624.93
6688.0 67.211 40.857 547.39 2633.42
6688.5 67.893 38.048 567.67 2688.00
6689.0 65.104 37.656 579.40 2683.60
6689.5 70.308 38.210 581.48 2674.51
6690.0 70.955 36.029 592.38 2745.28
6690.5 74.608 31.638 578.89 2797.94
6691.0 78.631 29.517 619.21 2790.96
6691.5 78.838 35.360 606.33 2726.92
6692.0 -999.25 34.489 606.64 2774.93
6692.5 -999.25 36.272 583.86 2749.16
6693.0 79.333 37.341 577.23 2720.30
6693.5 79.333 40.933 552.13 2693.18
6694.0 76.051 43.365 537.35 2639.63
6694.5 76.051 47.999 504.74 2659.21
6695.0 81.088 49.235 514.41 2527.98
6695.5 79.825 47.644 515.25 2564.37
6696.0 84.498 46.051 518.03 2573.91
Table (con’d.)
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6696.5 82.621 45.018 525.35 2577.88
6697.0 79.756 44.052 519.96 2617.92
6697.5 74.716 41.440 535.29 2656.78
6698.0 74.250 41.053 543.50 2674.00
6698.5 70.504 40.536 545.27 2659.97
6699.0 69.541 38.292 566.60 2684.68
6699.5 74.281 37.055 572.80 2726.94
T able (con’i
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APPENDIX D 
LIST OF SYMBOLS
De Epithermal diffusion coefficient
Dt Thermal diffusion coefficient
E Energy of the neutron
Ekf Kinetic energy of the nucleus-neutron pair after collision
Eki Kinetic energy of the nucleus-neuron pair before collision
Eloss Maximum energy lost by a neutron upon collision with a nucleus
fcnl Count rate of far detector
Gr Gamma ray level
Grd Gamma ray level of a clean water-bearing sand
Grsh Gamma ray level of a 100% shale zone
Hs Hydrogen index of gas
Hhc Hydrogen index of hydrocarbons
HI Hydrogen index
Hnui Hydrogen index of the matrix
Hmf Hydrogen index of mud filtrate
HmixC Equivalent hydrogen index of the fluid read by the near detector
HmixF Equivalent hydrogen index of the fluid read by the far detector
HmixN Equivalent hydrogen index of the fluid read by the near-to-far ratio
H0 Hydrogen index of oil
J Pseudo geometric factor of the neutron porosity tool
I Collision distance for a neutron
Le Slowing down length
U Diffusion length
mn Mass of the neutron
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mN Mass of the nucleus
Mw Molecular weight
A/a Avogadro’s number
ncnl Count rate of the near detector
Pf Momentum of the nucleus-neutron pair after collision
Phic Near neutron derived porosity
PhiF Far neutron derived porosity
PhiN Compensated neutron porosity
PhiR Ratio derived neutron porosity
Pi Momentum of the nucleus-neutron pair before collision
Qo Neutron source strength
r Source to detector distance
R Near to far ratio of thermal fluxes
Pin Radius of investigation of a neutron tool
Shcr Residual hydrocarbon saturation
s w Water saturation
Swh Equivalent water saturation
Swirr Irreducible water saturation
Sxo Water saturation of the flushed zone
Sxo Water saturation of the flushed zone
SxoF Water saturation of the zone read by the far detector
SxoN Water saturation of the zone read by the compensated neutron
LL Porosity reading of a completely saturated medium
U,V,W Initial direction cosine of a travelling neutron
Ux Porosity reading of a semi saturated medium
Vn Velocity of the neutron
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V,v Velocity of the nucleus
vsh Volume of shale
Xo,yo,Zo Initial coordinates of a traveling neutron
Xo,y0,z0 Location coordinates o f a traveling neutron
A<hex Excavation effect of the neutron porosity
r Volume of the virgin zone investigated by the neutron tool
0 Azimuthal angle of the neutron direction
Z, Macroscopic absorption cross section
Macroscopic scattering cross section
I Total macroscopic cross section
I r Macroscopic transport cross section
n Volume of the flushed zone investigated by the neutron tool
% (r) Flux of epithermal neutrons
%(r) Flux of thermal neutrons
<t>
Porosity
f a Near neutron derived porosity
fa e q Equivalent near porosity corrected for shale content
fash Near porosity reading of the 100% shale zone
fa Displaceable porosity
f a Far neutron derived porosity
$Feq Equivalent far porosity corrected for shale content
fash Far porosity reading of the 100% shale zone
Compensated neutron porosity
$nc Compensated neutron porosity corrected for excavation effect
$Neq Equivalent ratio porosity corrected for shale content
fash Ratio porosity reading o f the 100% shale zone
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<j> R Ratio derived neutron porosity
<P' True formation porosity
d Polar angle of the neutron direction
P Density
P 8 Gas density
P k Hydrocarbon density
P nf Mud filtrate density
Po Oil density
P w Density of water
Os Nucleus scattering cross section
C Random number
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